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Abstract

Extrinsically toughened discontinuously reinforced aluminum composites are processed with the objective of

enhancing damage tolerance of conventional particle reinforced aluminum composites. The approach consists of
producing a composite microstructure in which discrete ductile phases have been incorporated into the particle
reinforced metal matrix via traditional powder processing routes. The present study focuses on investigating the
e�ects of volume fraction and ¯ow strength of the ductile phase reinforcements in determining dynamic deformation

and fracture characteristics of these extrinsically toughened composites. The dynamic compression behavior of the
composites is examined by employing the split Hopkinson pressure bar. The measured dynamic stress±strain
response of the composites is correlated with the macro- and micro-damage mechanisms inferred from post

examination of the impacted specimens. The dynamic fracture characteristics of the composites are obtained by
impact loading pre-cracked three point bend specimens in a modi®ed Hopkinson bar apparatus. The measured load-
point force versus load-point displacement curves are used to, (a) estimate the energy required for dynamic crack

initiation, and (b) understand the interaction of the dynamically propagating crack tip with the ductile phase
reinforcements. The results indicate that the extrinsically toughened DRA composites absorb signi®cantly greater
energy during the crack propagation as compared to the conventional DRA composites. Also, the level of extrinsic

toughening introduced in the composites is a�ected by the location, volume fraction and mechanical properties of
the ductile phase reinforcements. Amongst the relatively larger volume fraction ductile-phase reinforced composites,
the ductile phase reinforcements comprising low ¯ow strength commercial purity aluminum fail primarily in a
ductile manner, whereas the ductile phase reinforcements comprising high strength Al alloy fail in a cleavage

manner by inter-granular fracture. 7 2000 Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

Metal matrix composites (MMCs), with continuous brittle reinforcements (ceramic ®bers) and/or
discontinuous brittle reinforcements (ceramic whiskers or particulates), o�er the potential for signi®cant
improvement in mechanical performance over monolithic metallic alloys in several structural
applications. In particular, in recent years interest in discontinuous reinforced composites has increased
dramatically over their continuous ®ber reinforced counterparts since whisker/particulate reinforcements
invariably lead to composites with, (a) a greater degree of isotropy, which is desirable in many structural
applications, and (b) are lower in cost to manufacture since they can be formed by conventional
manufacturing practices such as forging, rolling and extrusion.

The increasing interest in particulate reinforced MMCs has been driven largely by their mechanical,
thermal and wear properties such as high speci®c sti�ness, high speci®c strength, high thermal
conductivity, good oxidation and wear resistance, to name a few. These properties have made these
composites a strong candidate for use within the aerospace, automotive, electronic and recreational
industries. Despite the positive in¯uences of ceramic particulate reinforcement on the composite
properties, the inherent brittle nature of these reinforcements generally decreases the ductility as well as
the fracture toughness. For example, the ductility of the ceramic particulate reinforced MMC is
observed to be substantially lower (approximately one-®fth) than that of the metal matrix material
alone, while the fracture toughness of the MMCs is typically one-fourth of the un-reinforced alloy.

In view of the vast commercial potential of particle reinforced MMCs, signi®cant scienti®c e�orts
have been devoted to studying their quasi-static and dynamic mechanical properties. From these studies
it is now fairly well understood that the physical properties of these composites, such as the elastic
modulus and the Poisson's ratio, are controlled primarily by the volume fraction of the brittle
reinforcement phase. However, the relationship between the strength and the reinforcement volume
fraction is much more complex. The composite strength is a�ected by several other material parameters
in addition to the volume fraction of reinforcement. For example, the strength of the metal matrix alloy
is observed to strongly in¯uence the e�ect of reinforcement on the composite strength. When a low
strength alloy, such as the 6061 Al alloy, is reinforced with 15% silicon carbide particulates (SiCp), the
typical increase in composite strength is about 50%. However, when a high strength matrix alloy is
reinforced with SiCp, the strength of the composite is observed to be the same as the monolithic matrix
alloy or may be even less (Manoharan et al., 1993). The premature loss of ductility has been largely
attributed to microscopic failure mechanisms that result from the presence of brittle reinforcement phase
in a relatively soft matrix. While the hard reinforcement particles can greatly enhance the strength of
these composites, they also provide sites for the initiation of damage during plastic deformation. One of
the primary damage mechanisms is particle cracking, although failure in the matrix and near the
particle±matrix interface have also been observed. The latter modes of damage predominate when the
reinforcements are su�ciently strong or when aging precipitates in the matrix provide preferential sites
for void nucleation. Moreover, catastrophic failure in such materials appear to occur by the coalescence
of the evolving damage, either by impingement of adjacent voids or by strain localization in the
ligament between the voids.

In contrast to mechanical behavior under quasi-static loading, the present state of understanding of
deformation and failure in particle reinforced MMCs under dynamic loading conditions is still in its
infancy. In some initial studies on whisker reinforced MMCs, Harding et al. (1987) reported a very
weak strain rate sensitivity of ¯ow stress at room temperature in a SiCw/2124 Al matrix composite.
Marchand et al. (1988) and Cho et al. (1991) reported an increase in dynamic fracture toughness of
SiCw/2124 Al matrix composite when compared with its quasi-static fracture toughness. However, the
dynamic fracture toughness was observed to decrease as the volume fraction of the reinforcement was
increased. Perng et al. (1993) reported an increase in strain-rate sensitivity of ¯ow stress with increasing
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reinforcement content for an Al2O3/6061-T6 Al composite at low test temperatures. Hong et al. (1993)
conducted an experimental study to investigate dynamic compressive strength of an Al±Zn±Mg±Cu
alloy matrix with 20% SiC reinforcement. The strain hardening rates of the over-aged composites and
the control alloys were found to be lower than their under-aged counterparts. However, the over-aged
composites and the control alloys show higher strain-rate sensitivity as compared to the under-aged
composites. Also, in both the over-aged and the under-aged cases, the ¯ow strength of the composites
was observed to decrease at plastic strains larger than 0.15. The decrease in strength was attributed to
the onset of damage in the form of micro-cracks at the particle±matrix interface. Chichili and Ramesh
(1995) studied the dynamic behavior of alumina particle reinforced 6061-T6 Al alloy metal matrix
composite using a tension/compression Hopkinson bar. They reported di�erences in strain hardening
rates in dynamic tension and compression. The stress±strain curves in dynamic tension were found to
show negligible hardening, whereas the dynamic compression response of the same material showed
substantial strain hardening. These di�erences in strain hardening rates were attributed to material
softening due to the accumulation of microstructural damage within the composite when loaded in
tension. Yadav et al. (1995) observed that the strengthening of 6061-T6 Al composites reinforced with
20 vol% alumina particles continued into the high strain rate regime, and at elevated strain rates the
metal matrix composite displays signi®cantly greater strain rate sensitivity when compared to the
monolithic alloy.

In recent years, a number of attempts have been made to improve the fracture toughness of particle
reinforced composites utilizing both intrinsic and extrinsic toughening methodologies (Osman et al.,
1995). Intrinsic toughening deals primarily with modi®cations of the grain structure of the matrix,
variation in particle size and shape, and particle/matrix interface characteristics. On the other hand, the
objective of extrinsic toughening is to segregate the composite into speci®c particle rich brittle regions
interleaved with tough monolithic ductile phase regions. The particle rich regions provide the required
enhancement in mechanical properties, whereas the tough ductile phase enhances the toughness of the
composites. Composite material development, utilizing the concept of extrinsically toughened composite
microstructures, have traditionally focused on laminate structures comprising alternating layers of
discontinuously reinforced metal matrix composites (a semi-brittle component) and a monolithic metallic
alloy (a more ductile component). Such ductile/brittle laminates contain discrete interfaces and have
generally been produced via press bonding or roll bonding of alternating ductile/brittle laminae.
Increased fracture toughness and impact energies, as compared to the discontinuously reinforced
aluminum (DRA) composites have been reported in these (Embury et al., 1967; Sherby et al., 1990; Syn
et al., 1991). While the laminate approach has provided extrinsic toughening via the introduction of
discrete interfaces, Nardone et al. (1991) have utilized other potential cost e�ective approaches to
extrinsic toughening by developing microstructurally toughened structures which involve fewer discrete
interfaces separating the ductile/brittle constituents. The notch impact energy of these structures have
been an order of magnitude higher as compared to conventional DRA composites with the same volume
fraction of the reinforcement.

Continuing the e�orts to improve the impact toughness of DRA composites via the extrinsic
toughening approach, recently novel extrinsically toughened composites have been developed in which
ductile, high toughness particle free regions are compartmentalized and discrete from the brittle particle
reinforced regions. These composites are produced by introducing ductile phase reinforcements during
the powder blending phase of the manufacturing process and then extruding the composite to result in
continuous reinforced (brittle) and unreinforced (ductile) regions extending along the entire length of the
extrusion. As illustrated by Ashby et al. (1989), the bene®ts of extrinsic toughening can be maximized by
employing ductile phase reinforcements with, (a) a high elastic modulus, (b) a high yield strength to
elastic modulus ratio, and (c) a large volume fraction. In view of these considerations, three di�erent
types of extrinsically toughened composites were fabricated: (a) composites toughened with a low
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volume fraction of a low yield strength ductile reinforcement such as commercial purity Al, (b)
composites toughened with a large volume fraction of low yield strength commercial purity aluminum,
and (c) composites toughened with a relatively large volume fraction of high strength aluminum alloy
with ¯ow strength several times the ¯ow strength of commercial purity aluminum. Extrinsic toughening
mechanisms that are expected to be operative during the dynamic deformation and failure of these
composites include ductile tearing of the tough ductile phase, crack blunting, crack pinning and crack
bridging in the wake of the crack, crack de¯ection, and energy absorption by inelastic interfacial de-
cohesion.

The present study focuses on investigating the dynamic deformation and fracture characteristics of
these novel extrinsically toughened particle reinforced aluminum composites. A split Hopkinson pressure
bar apparatus is utilized for obtaining the high strain-rate compression behavior, whereas the dynamic
fracture characteristics of these composites is evaluated by employing three point bend specimens loaded
in a modi®ed Hopkinson bar apparatus. In some of the dynamic fracture tests crack propagation gages
are used to investigate the interaction of the propagating cracks with the extrinsically toughened
material microstructure. Extensive optical and scanning electron microscopy is used to elucidate the
micro- and the macro-damage mechanisms operative under dynamic compression and during dynamic
fracture of these composites.

2. Material microstructure of extrinsically toughened composites under investigation.

Three di�erent extrinsically toughened microstructures are investigated in the present study. The 7093/
SiC/15p composite represents the base material for each composite. The nominal composition of the
7093/SiC/15p base material is 9 Zn, 2.2 Mg, 1.5 Cu, 0.14 Zr, 0.1 Ni and balance Al, reinforced with 10
mm average size SiC particles. The steps involved in powder processing of the base composite involves
blending powders of the pre-alloyed 7093 aluminum with SiC particulates and then cold iso-statically
pressing (CIP) the blend into a solid compact. CIP consists of placing the powder in a ¯exible mold
which is then pressurized hydrostatically in closed chamber (Lewandowski and Liu, 1988).

The extrinsic toughening of the DRA composites is achieved by adding either large aluminum particles
with a typical size of 10 mm, or relatively ®ne aluminum powder to the powder blend. Table 1 lists the
di�erent material compositions of the composites employed under the study. After the speci®ed
additions and consolidation, the billets are extruded to an extrusion ratio of 22:1 to produce composites
with cross-sectional dimensions of 25.4� 76.2 mm. The LDP3 composite was extruded a second time to
yield ®nal cross-sectional dimensions of 5 � 60.325 mm. Fig. 1 shows optical micrographs of the
extrinsically toughened microstructures. The large ductile phase (LDP) additions are elongated in the
extrusion direction and appear as elongated ellipsoids in Fig. 1(a), whereas the small ductile phase
additions appear as dark spots in the micrographs shown in Fig. 1(b). Note that the large dark regions
in Fig. 1(b) represent the SiCp reinforcements.

Table 1

Composition and volume fraction of ductile phase reinforcements in the SDP1, LDP2 and LDP3 composites

CWRU material ID Type of ductile phase addition Quantity (vol%)

Small ductile phase 1 (SDP1) Small c.p. Al Ð low strength powder 10

Large ductile phase 2 (LDP2) Large c.p. Al Ð low strength unalloyed granulated particle 25

Large ductile phase 3 (LDP3) Large alloyed Al Ð high strength CU50 granulated particle 10
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2.1. Heat treatment

The heat treatment of `precipitation hardenable' aluminum alloys is basically a three step process:

(i) Solution heat treatment: heating the alloy to a suitable temperature and holding that temperature
long enough to cause one or more constituents to enter into solid solution.
(ii) Quenching: development of super saturation.
(iii) Age hardening: precipitation of solute atoms at room temperature (natural aging) or at
moderately elevated temperature (arti®cial aging or precipitation heat treatment). Depending on the
aging time the alloy after heat-treatment can be under-aged or over-aged.

Christman and Suresh (1988) have investigated the e�ects of aging time on precipitate growth in 2124
Al alloy SiC whisker reinforced composites. They observed that a large thermal contraction mismatch
results in between the aluminum matrix and the SiC whisker reinforcement results in a large number of
mis®t dislocations in the composites. These dislocations serve as sites for preferential precipitate
nucleation during the aging process and facilitate the attainment of peak matrix hardness at a much
earlier time in the composites when compared to the control alloy. Also, the accelerated aging of the
composites result in relatively large precipitates in the composites as compared to the control alloys in

Fig. 1. (a) Optical micrographs of LDP2(L) composite. The large grey area is the ductile phase reinforcement surrounded by the

7093/SiC/15p discontinuously reinforced aluminum (base material). (b) A higher magni®cation view of the SDP1 composite. The

average size of the SiC particles is 10 mm.
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the over-aged condition. On the other hand, for an Al±Zn±Mg±Cu alloy (7xxx series) SiCp reinforced
MMC in an over-aged condition, Hong and Gray (1992) have observed the precipitates to be
consistently smaller in size as compared to the precipitates in the control alloy with a similar heat
treatment. They attributed this to the formation of MgO particles at the Al/SiC interface and to the
formation of Mg2Si precipitates in the matrix of the composite. The formation of magnesium rich
precipitates results in the depletion of Mg atoms in the matrix of the composite, which in turn leads to
deceleration of aging kinetics in the particle reinforced Al±Zn±Mg±Cu composites. Moreover, Hong and
Gray (1992) have reported the yield stress of under-aged/over-aged 7xxx aluminum alloy composites to
be consistently lower/higher than the 7xxx aluminum control alloys with a similar heat treatment.

In view of the aforementioned studies and the fact that the control alloy employed in the present
investigation is a 7xxx series aluminum alloy, the composites utilized in the present investigation were
heat treated in accordance to T7E92. The T7E92 heat treatment results in as lightly overaged condition
of the composite and is expected to maximize the yield strength. This heat-treatment comprises solution
heat treating for 4 h at 4908C, cold water quench, and aging for 24 h at 1208C plus 8 h at 1508C.

3. Quasi-static and dynamic compressive strengths of the extrinsically toughened particle reinforced
aluminum composites.

3.1. Specimen preparation

Fig. 2 shows a schematic of the extrinsically toughened composites with the large and small ductile
phase reinforcements. Two di�erent sets of specimens were utilized for the quasi-static compression
tests. The ®rst set of specimens was machined such that the direction of the longitudinal extrusion axis
is aligned with the direction of the compression loading. In this orientation the ductile phase
reinforcements appear as elongated ellipsoids on the loading face. For convenience the specimens in this
orientation are labeled as L specimens. The second set of specimens was machined such that the
transverse extrusion axis is aligned with the direction of compressive loading. In this case the ductile
phase reinforcement appear as thin streaks on the loading face. These specimens are labeled as T
specimens. Note that the L and T specimens contain di�erent volume fraction of the ductile phase
reinforcement. This is primarily due to the in-homogeneous distribution of the ductile phase
reinforcement in the billet after the extrusion process. This is also clearly evident from the schematic of
the billet shown in Fig. 2, where the S±L cross-section is very di�erent from the S±T cross-section. For
all the specimens tested in the present investigation the L specimens has a higher volume fraction of the
ductile phase reinforcement as compared to the T specimens. Besides the tests on the extrinsically
toughened composites, the quasi-static and dynamic compression tests were also conducted on the 7093
Al control alloy and commercial purity aluminum.

The dimensions of the specimens utilized in the quasi-static uniaxial compression experiments were
6.35 mm in diameter and 5.0 mm in thickness (L/D ratio of 0.8). For the dynamic uniaxial compression
tests the specimens were 10.16 mm in diameter and 5.0 mm in thickness. A L/D ratio of 0.5 is employed
for the dynamic tests in order to minimize the e�ects of lateral inertia (Follansbee, 1985).

3.2. Quasi-static compression experiments

The quasi-static compression tests were performed on a Schenck Pegasus servo-hydraulic testing
machine under displacement control. During the compression tests the average strain rate in the
specimens ranged from 0.004 to 0.006 sÿ1. Prior to the tests the loading faces of the specimens are
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lapped ground and for parallelism and ¯atness, and lubricated with molybdenum grease so as to avoid
frictional end e�ects that may lead to barreling of the specimens.

Fig. 3 shows the quasi-static true-stress true-strain curves for the three extrinsically toughened
composite microstructures employed in the present investigation. Also included in Fig. 3 are the true-
stress true-strain curves for 7093 Al alloy (control alloy) and commercial purity aluminum. Five
important deductions can be made from these results.

. Firstly, all materials tested under quasi-static compression in the present investigation do not exhibit a
sharp yield point. Instead, yield occurs by a gradual transition from linear elastic to non-linear plastic
behavior. The 7093 Al alloy and the commercial purity aluminum are well known to exhibit such a
behavior (Khan and Huang, 1995). However, in the case of the composites, because of the large
mismatch between the elastic sti�ness of the SiC particulates and the metal matrix, there is an uneven
partitioning of load between the matrix and the reinforcing particles. The stress supported by the hard
reinforcing particles is much higher than that supported by the matrix. As a result, even at global
stress levels much below the yield stress of the matrix, the stress in the vicinity of the particle±matrix
interface is high enough to cause the matrix to yield locally. With a further increase in load, global
yielding of the composite occurs by the spread of the local yield points in the matrix, resulting in the
absence of a sharp global yield point for the composite.

. Secondly, all composites with the exception of LDP2(L) exhibit higher ¯ow stress levels when
compared to the control alloy, at all levels of the plastic strains. The reasons for this can be best
understood by composite strengthening theories which include (i) load transfer between the matrix
and the hard reinforcement phase (ii) presence of higher dislocation density in the matrix due to the
elastic mismatch between the matrix and the reinforcement particulates, and (iii) precipitation

Fig. 2. Schematic of composite billet. (a) LDP2(L) composite Ð large ductile phase reinforcement shown as elongated ellipsoids

after extrusion. (b) SDP1 Ð small ductile phase reinforcement shown much larger in the schematic than actual size.
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hardening in particulate reinforced systems (Christman et al., 1989). The exceptional lower yield stress

of LDP2(L) is due to commercially pure aluminum being used as the ductile phase reinforcement.

Since commercial purity aluminum has a much lower ¯ow stress as compared to the 7093 Al control

alloy, it leads to a relatively lower yield stress for the LDP2(L) composite.

. Thirdly, for all the three extrinsically toughened composites, the T samples display a higher yield

stress when compared to the L samples. The reason for this can be attributed to the higher volume

fraction of the ductile phase reinforcement in the L samples as compared to the T samples. The

higher volume fraction of the ductile phase reinforcement in the extrinsically toughened composites

leads to a lower macroscopic ¯ow strength of the composite since the ductile phase reinforcements

have a lower ¯ow strength as compared to the DRA material. Since the LDP3(T) composite has a

large volume fraction of relatively high strength ductile phase reinforcement, the composite yield

strength is highest for the LDP3(T) composite. The vertical arrow shown in the stress±strain curve of

the LDP3(T)specimen (Fig. 3) denotes the strain at which the LDP3(T) composite fractures during

dynamic compression.

. Fourthly, in all the deformed extrinsically toughed composites, slip lines were observed at 458 to the

loading direction. This indicates a shear mode of failure of the composites during dynamic

compression.

. Fifth, the strain-hardening-rate for the composites is greater than that observed in the 7093 Al control

alloy and the commercially pure aluminum. This enhancement in the composite strain hardening

characteristics can be attributed to, (a) the development of constrained plastic ¯ow due to the

presence of hard reinforcement particles in the ductile matrix, (b) increase in the initial dislocation

density in the composites as compared to the unreinforced alloys due to the thermal expansion

mismatch between the matrix and the reinforcement particles, and (c) smaller size precipitates in the

composites as compared to the 7093 Al control alloys due to the di�erence in aging kinetics of the

composite and the matrix (Hong and Gray, 1992). The smaller size precipitates o�er a greater

resistance to dislocation motion in the matrix of the composites resulting in their higher strain

hardening rate. Also, as observed from Fig. 3, the strain-hardening-rate for the composites decrease at

higher levels of plastic strain. This behavior can be attributed to material softening due to the

accumulation of damage in the composites with increasing levels of plastic strain. Also, in metal

Fig. 3. Comparison of the quasi-static true-stress versus true-strain curves for the SDP1, LDP2, and LDP3 composites, the 7093

aluminum alloy and commercial purity aluminum. The alloyed ductile phase reinforced composite (LDP3) exhibited the highest

yield strength.
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matrix composites, at the higher levels of plastic strain, dislocation tangles are known to build up
enough energy to break free (Walkup, 1994) leading to a smaller resistance to dislocation motion and
hence to a lower strain hardening rate.

4. Behavior under dynamic compression

4.1. Experimental con®guration

In the present investigation the Split Hopkinson Pressure bar (SHPB) is used to investigate the high
strain rate compressional behavior of the extrinsically toughened DRA composites in 100 to 10,000 sÿ1

strain rate range. The schematic of the experimental con®guration is shown in Fig. 4. Details of the
SHPB experimental technique can be found in Follansbee (1985). The experimental technique involves
two elastic bars known as the incident and the transmission bars, and a dynamic loading device, usually
a pneumatically driven gas gun with an elastic striker bar, which imparts to the incident bar a uni-axial
stress pulse. The magnitude of the incident pulse is directly proportional to the velocity of the striker
bar and the duration of the pulse is equal to the round-trip time of an elastic longitudinal wave in the
striker bar. Striker bars of three di�erent lengths 609.6 mm (2 ft), 304.8 mm (1 ft), and 228.6 mm (9 in.)
were employed in the present investigation to obtain incident stress pulses with three di�erent pulse
durations. Maximum striker bar velocities were restricted to approximately 100 m/s, limited by the yield
stress of maraging steel (tempered to a yield stress of approximately 2500 MPa) used to fabricate the
pressure bars.

When the striker bar impacts the incident bar, an elastic compressive pulse propagates along the
incident bar, and is partly transmitted to the transmission bar by the specimen sandwiched between the
two bars, and is partly re¯ected as tension back into the incident bar. The specimen then undergoes
dynamic elastic±plastic deformation. From the transmitted pulse, the stress in the sample can be
calculated using the strain record obtained through a strain gage placed appropriately on the
transmission bar, and from the re¯ected pulse, the strain in the sample can be obtained by integrating
the strain measured by a strain gage suitably attached to the incident bar. Two strain gages are used at

Fig. 4. Schematic of split hopkinson pressure bar apparatus (SHPB) for the dynamic compression experiments. The specimen is

sandwiched between the incident bar and the transmitted bar.
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each of the strain-gage station on the incident and the transmitter bars to eliminate bending
contributions.

The initial part of the stress±strain relation is often neglected, as the stress state in the sample is
inhomogeneous. Elementary calculations based on one-dimensional elastic waves in the bars provide an
estimate of the sample strain rate,

_e�t� � ÿ2C0

L0
eR � 2C0

L0
�ei ÿ et � �1�

where L0 is the undeformed length of the sample, C0 is the longitudinal wave velocity in the pressure
bars, and eR, ei, and eT are the time-dependent re¯ected, incident and transmitted strains, respectively.
The axial stress in the sample, s, is obtained from the balance of total force between the sample and the
transmission bar,

s�t� � E0
A0

A
eT�t� �2�

where A is the area of cross section of the specimen, and A0 is that of the transmission bar whose
Young's Modulus is E0.

Theoretically a rectangular input loading pulse is sent into the incident bar. However, because of the
presence of lateral inertia the incident square pulse is dispersed giving rise to the oscillations observed to
be riding the square incident pulse. In order to minimize the e�ects of dispersion and hence the
oscillations in the input stress pulse, a damper (a 400 mm thick OFHC copper disk) is placed in between
the impact faces of the striker and the incident bars (Nemat-Nasser et al., 1991). The presence of the
damper changes the incident square stress pro®le to a bell shaped pro®le. The initial ramp in the
modi®ed bell shaped stress pulse not only decreases the e�ects of dispersion but also precludes the
sudden loading of the specimen leading to attainment of homogeneous deformation conditions at a
much smaller level of plastic strain in the specimen.

4.2. Experimental results and discussion

4.2.1. Dynamic compression behavior of 7093 Al alloy
Fig. 5 shows the dynamic compressive true-stress versus true-strain curve for the 7093 Al control

alloy. The response of the 7093 Al alloy is practically insensitive to strain rate in the range 0.004±207
sÿ1. However, there is a noticeable increase in the sensitivity of ¯ow stress to strain rate as the strain
rate is increased to 4500 sÿ1. In the strain-rate range of 0.004 to 207 sÿ1 the 7093 control alloy shows
appreciable strain hardening. However, at higher levels of strain rate, i.e. _e04500 sÿ1, the material
strain hardening and material strain rate sensitivity is compensated by strain softening. Possible reasons
for strain softening include, (a) material softening due to the accumulation of damage, and (b) thermal
softening due to adiabatic heating arising from conversion of plastic work to heat. An indication of the
accumulation of damage can be deduced from the precipitous fall in the stress±strain curve for the
specimen tested at 4501 sÿ1 (indicated by a vertical arrow on the curve). The possible e�ects of thermal
softening on the material's ¯ow stress are discussed in Section 4.3.

4.2.2. Dynamic compression behavior of SDP1(T) composite
Fig. 6 shows the true-stress versus true-strain curves for SDP1(T) at strain rates ranging from 0.005 to

4983 sÿ1. The large undulations in the dynamic stress±strain response, especially at small levels of plastic
strains, are an artifact of wave dispersion due to lateral inertia. The quasi-static ¯ow stress of the
SDP1(T) composite is higher than the quasi-static ¯ow stress for the 7093 Al alloy (control alloy) at all
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levels of plastic strains. This is expected because of the presence of hard reinforcing particles in the

composites, and the presence of a relatively small volume fraction of the commercial purity aluminum

ductile phase reinforcement in the SDP1 composites. However, the dynamic ¯ow stress of the SDP1(T)

composite is much lower than the dynamic ¯ow stress of the 7093 Al control alloy at comparable levels

of strain-rate. The possible reasons for this behavior can be attributed to the strain softening

mechanisms activated in the composite during the dynamic loading, i.e., (a) material softening due to

damage accumulation and growth, and (b) thermal softening of the composite due to adiabatic heating.

It can be argued that material softening due to damage nucleation and growth is the most likely source

for the observed strain softening behavior since the matrix of the SDP1(T) composite comprises 7093 Al

alloy and any thermal softening e�ects are expected to in¯uence the ¯ow response of the SDP1

composite and the 7093 Al control alloy equally. Furthermore, the dynamic ¯ow stress of the SDP1(T)

composite, at all levels of plastic strains and plastic strain rates employed in the present investigation, is

observed to be lower than the quasi-static ¯ow stress of SDP1(T). A possible reason for this can be

Fig. 6. True-stress versus true-strain curves for SDP1(T) composite.

Fig. 5. True-stress versus true-strain curves for 7093 aluminum alloy depicting the higher strain rate sensitivity of ¯ow stress in the

higher strain rate regime (4501 sÿ1) as compared to the low strain rate (207 sÿ1) regime.
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attributed to, (a) thermal softening during the dynamic deformation process and, (b) the loss in the
material's strain-rate sensitivity of ¯ow stress in the extruded particle reinforced composites due to the
already work hardened matrix (Ramesh and Coates, 1992).

It should be noted that at the lower strain rates no macroscopic damage is observed in the deformed
specimen. However, on a much ®ner scale, damage in the form of cracking along the particle/matrix
interface (Hong et al., 1993) is expected to be present. The onset and growth of damage within the
composite can be inferred from the precipitous fall in the dynamic stress±strain curve at a strain rate of
4983 sÿ1 due to the fracture of the specimen.

4.2.3. Dynamic compression behavior of LDP2 composites
Figs. 7 and 8 show the dynamic stress±strain curves for the LDP2(L) and LDP2(T) composites,

respectively. The overall trends in the dynamic stress±strain behavior for the two composites are quite
similar to those observed for the SDP1(T) composite. However, the dynamic ¯ow stress levels for the
LDP2(L) and LDP2(T) composites are much lower than those obtained for the 7093 Al control alloy at
comparable levels of plastic strain rates. Moreover, the quasi-static stress±strain curves for the LDP2(L)
and LDP2(T) composites show strain hardening at all levels of plastic strain, whereas the dynamic
stress±strain curves are relatively ¯at. The absence of strain-hardening in the dynamic response of these
composites can be attributed to the combined e�ects of material and thermal softening which are
activated during the dynamic deformation process. Fig. 9 shows a micrograph of the deformed specimen
of LDP2(L) composite tested at strain rate of 4317 sÿ1. Matrix cracking is clearly visible in the
deformed specimen. Such matrix cracking is not observed in specimens deformed at the lower strain
rates. It should also be noted that the quasi-static as well as the dynamic ¯ow stress levels for the
LDP2(L) and LDP2(T) composites are lower than those obtained for SDP1 composites at comparable
levels of plastic strain rates. This can be attributed to the higher volume fraction of commercially pure
aluminum present in the LDP2(L) and LDP2(T) composites as compared to the SDP1(T) composite.
Also, the ¯ow stress levels for LDP2(L) are consistently lower than the ¯ow stress levels for LDP2(T) at
all levels of plastic strain. Again this is to be expected because of the presence of a higher volume
fraction of commercially pure aluminum present in LDP2(L) composite as compared to the LDP2(T)
composite.

Fig. 7. True-stress versus true-strain curves for LDP2(L) composite.
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Fig. 8. True-stress versus true-strain curves for LDP2(T) composite.

Fig. 9. A deformed LDP2(L) specimen after dynamic compression. Note matrix cracking in the brittle 7093/SiC/15p base material

away from ductile phase reinforcement.
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4.2.4. Dynamic compression behavior of LDP3 composites
Figs. 10 and 11 show the quasi-static as well as the dynamic stress±strain behavior of LDP3(L) and

LDP3(T) composites, respectively. To minimize the e�ects of dispersion on the dynamic stress±strain
curves for these composites, a copper damper was placed between the striker bar and the incident bar.
The bene®ts derived from the use of the copper damper can be inferred from the absence of any large
oscillations in the dynamic stress±strain behavior. The quasi-static ¯ow stress levels for the LDP3(L)
and LDP3(T) composites are observed to be higher than those measured for either the 7093 Al control
alloy or the SDP1(L), LDP2(L) and LDP2(T) composites. This behavior is to be expected because of
the presence of a large volume fraction of ductile phase reinforcement with a much higher ¯ow strength
level as compared to the commercially pure aluminum reinforcements employed in the SDP1(T),
LDP2(L) and LDP2(T) composites. It is also interesting to note that unlike the case of the SDP1(T),
LDP2(L) and LDP2(T) composites the dynamic yield stress of the LDP3(L) and LDP3(T) composites

Fig. 10. True-stress versus true-strain curves for LDP3(L) composite. Note that the composite exhibits strain hardening under

quasi-static compression and little or no strain hardening under dynamic compressive loading.

Fig. 11. True-stress versus true-strain curves for LDP3(T) composite exhibiting strain hardening at strain rates of 0.004 and 888

sÿ1, strain softening at 2880 sÿ1 and fracture of the specimen at 6442 sÿ1.
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are higher relative to their quasi-static ¯ow stress levels. This indicates a much lower level of damage in
the LDP3(L) and LDP3(T) composites as compared to the SDP1(T) and the LDP2(L) and LDP2(T)
composites. Moreover, the dynamic ¯ow stress levels for the LDP3(T) composite, at the various strain
rates employed in the present investigation, are higher than those obtained for the LDP3(L) composite.
The LDP3(L) composite yields at 780, 800 and 840 MPa at strain rates of 1159, 2635 and 4215 sÿ1,
respectively, whereas, the LDP3(T) composite yields at approximately 830 and 840 MPa at strain rates
of 888 and 2880 sÿ1, respectively.

Moreover, the dynamic ¯ow stress curves for the LDP3(T) composite shows strain hardening at a
strain rate of 888 sÿ1, and strain softening at a strain rate of 2880 sÿ1. On the other hand, the LDP3(L)
composites consistently show negligible strain hardening at all levels of plastic strain rates. The possible
reasons for this behavior can be attributed to the greater rate of damage accumulation in the LDP3(L)
composites as compared to the LDP3(T) composites. For example, at a strain rate of 2880 sÿ1 the
LDP3(T) specimen is observed to fracture at a plastic strain of about 0.22 whereas at the strain rate of
6442 sÿ1 the specimen fractures at approximately the yield strain of the composite.

4.3. Estimation of temperature rise during dynamic compression

To estimate the e�ect of thermal softening on the ¯ow stress behavior, the increase in temperature
during the dynamic deformation process was estimated by assuming that all of the plastic work is
converted into heat,

DT � �s�e p

rcp
�3�

where DT is the temperature rise; �s and �ep are the equivalent stress and the equivalent plastic strain,
respectively; r is the mass density and cp is the speci®c heat of the material. The highest temperature rise
was estimated to be 848C for the LDP3(L) composite specimen at a strain rate of 4215 sÿ1. Using the
thermal softening data on aluminum alloys from the ASM Handbook, the 848C increment in the
specimen temperature corresponds to a drop in yield stress of approximately 39 MPa. Even though this
drop in ¯ow stress corresponds to 5% of the yield stress, it still represents a signi®cant fraction of the
total strain softening observed in the experiments. Hong et al. (1993) have also identi®ed thermal
softening as one of the possible mechanisms responsible for the loss in the dynamic material strength of
metal matrix composites.

4.4. Summary of quasi-static and dynamic compression tests

Fig. 12 summarizes the dynamic yield stress as a function of the applied plastic strain rate for the
various materials investigated in the present study. In this plot the ¯ow stress (measured at a ®xed
plastic strain of 6%) is plotted against the logarithm of applied plastic strain rate. The 6% plastic strain
is chosen so as to de-couple the e�ects of strain rate hardening and strain-softening resulting from the
combined e�ects of thermal softening and damage accumulation (both of which become important only
at higher levels of plastic strains). Moreover, a smaller value of plastic strain was not chosen so as to
avoid uncertainties in the ¯ow stress levels due to wave dispersion. The observations deduced from the
plot are as follows. First, in the monolithic alloy it is observed that there is reduced strain rate
sensitivity beyond strain rates of 103 sÿ1. A possible reason for this could be that the dislocation
generation rate does not increase further with increasingly higher levels of strain rates in the high strain
rate regime (Hong et al., 1993). Secondly, in the high strain rate regime the ¯ow stress of both the SDP1
and LDP2 composites is lower than the ¯ow stress of the monolithic 7093 Al control alloy. A possible
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reason for this can be attributed to the presence of commercially pure aluminum as a ductile phase
reinforcement in the SDP1 and the LDP2 composites. On the other hand, the LDP3 composite shows
the highest level of ¯ow stress at all levels of strain rates employed in the present study. It should be
noted that besides having a high strength Al alloy as a ductile phase reinforcement for the LDP3
composites, the extrusion ratio for LDP3 was higher as compared to the SDP1 and the LDP2
composites evaluated in the present study. Thirdly, there is a loss of strain rate sensitivity of the SDP1,
LDP2, and the LDP3 composites as compared to the monolithic 7093 Al alloy (control alloy). A
possible explanation for this could be due to the substantial work hardening of the composite during the
extrusion process which makes it di�cult to generate additional dislocations at higher levels of plastic
strain rates (Ramesh and Coates, 1992). Also, quenching during the heat treatment process, results in
the generation of additional dislocations due to the coe�cient of thermal expansion mismatch in the
composite, which can contribute to saturation of the dislocation density within the composite.

5. Dynamic fracture characteristics of the extrinsically toughened particle reinforced metal matrix
composites

Recently, there has been a resurgence of interest in the study of interfacial fracture mechanics,
particularly for bi-materials in which one of materials is brittle and remains elastic while the other is
ductile and can deform plastically. Examples of such situations arise during crack growth in metal-
matrix composites, layered metal-ceramic material systems, and structural steels in which iron±carbon
inclusions are the brittle phase.

Preliminary investigations of crack growth in multi-phase material systems with a two-dimensional
layered ductile-brittle architecture and for which the ductile phase is considered as an elastic±plastic
material, have shown that the e�ects of plastic ¯ow and interface strength on the overall toughness of
multiphase materials is quite complex. In elastic±plastic deformation of ductile layers may have only a
moderate e�ect on the toughness of such systems since the ductile layer is constrained between hard
elastic layers. Hence, the degree of plastic straining and energy absorption are limited. For example,
Shaw et al. (1996) have explored ways of toughening ceramics by adding sandwich metallic layers

Fig. 12. Summary of the dynamic compression tests showing ¯ow stress versus logarithm of the applied strain-rate at 6% plastic

strain.
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transverse to the plane of a crack, with the interfacial strength su�ciently high for crack not to de¯ect
along the interface. Two competing modes were observed and modeled: (i) fracture by coplanar crack
growth within successive ceramic layers ahead of the initial crack, and (ii) multiple cracking within the
ceramic layers. It was found that plastic yielding of the metal layers encourages single, coplanar crack
growth instead of multiple cracking. This result is surprising because of the single crack pattern is the
low-energy mode, and the multiple crack pattern is the high energy mode (Siegmund et al., 1997).

One of the primary objectives of the present investigation is to examine the dynamic fracture
characteristics of extrinsically toughened discontinuously reinforced composites in which the plane of
crack growth is approximately perpendicular to the ductile/brittle interface. The issues of particular
interest are, (a) develop an understanding of the conditions under which a crack will propagate across
the interface as opposed to when it will be de¯ected into the interface, and (b) the mechanisms of energy
absorption/toughening which are operative during the dynamic crack propagation event. Although there
has been some experimental work on dynamic crack propagation in the plane a bimaterial interface
(Lambros and Rosakis, 1995; Singh and Shukla, 1996; Kavaturu and Shukla, 1998), to the authors
knowledge no results have been reported in the open literature which addresses the key features of
dynamic crack growth in a direction perpendicular to the bi-material interface.

5.1. Experimental con®guration for dynamic fracture experiments: modi®ed Hopkinson bar apparatus

Fig. 13 shows the schematic of the experimental con®guration employed to investigate dynamic
fracture of the extrinsically toughened composite microstructures. The experiment involves the loading
of a three point bend specimen by means of a modi®ed Hopkinson bar apparatus (Bacon et al., 1994).
The incident bar is made of 7075-T6 Al with a length of 1.5256 m and a diameter of 19.1 mm. The
striker bar is made of the same material as the incident bar and has a length of 0.9017 m. The specimen
end of the incident bar is provided with a radius of curvature of approximately 50.8 mm. The anvils
supporting the specimen have a length span of 40 mm.

One of the advantages of using this con®guration is that relatively large three point bend specimens
can be used to evaluate the dynamic fracture characteristics of the composites under well characterized
stress wave loading conditions. The use of a relatively large radius ofcurvature at the specimen end of
the incident bar allows one-dimensional elastic stress wave propagation theory to be used in the
interpretation of the experimental results. Bacon (1993) has studied the e�ects of tapering/rounding the
incident bar end and has shown that the dispersion introduces an inadmissible error when the duration
of the event under investigation is of the order of L/C, where L is the length of the taper and C is the
longitudinal wave speed in the incident bar. For the present experiments the length of the taper is
approximately 2 mm and hence the L/C ratio is approximately 0.33 ms. Since all time duration of

Fig. 13. Schematic of the modi®ed Hopkinson bar con®guration employed for conducting the dynamic fracture experiments. Upon

®ring the striker bar the three-point bend specimen is subjected to a well characterized stress wave loading pulse.
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interest in the present experiment are much larger than 0.33 ms the errors due to the rounded incident
bar end geometry are not expected to be signi®cant. Moreover, by employing relatively long striker and
incident bars allows input stress pulse of approximately 400 ms time duration to be generated. The
relatively long duration of the stress pulse ensures that initiation and propagation of crack occurs within
the time duration of a single input pulse. This greatly simpli®es the interpretation of the experimental
measurements and also allows load point force as well as the load point displacement to be inferred
from measurements of the stress and the particle velocities at approximately the mid-span of the
incident bar.

Strain gages are installed on the incident bar at positions A and B, which correspond to 350 and 750
mm from the impact end of the striker bar, respectively. Strain gages used have a gage factor of 2.072
1.0% (WK-06-250BF-10C Measurements group). Two strain gages were used at each strain gage
location to eliminate bending contributions. The strain gages are connected to di�erential ampli®ers
(Tektronix 5A22N) via wheat-stone bridges circuits. The ampli®ed signal from the di�erential ampli®er
is recorded by using a high speed wide band width Tektronix oscilloscope model TDS 420.

The normal forces NA and NB at the two strain gage locations xA and xB, respectively, on the
incident bar are given by

NA�t� � A0EeA�t� and NB�t� � A0EeB�t�: �4�
In view of the one-dimensional elastic stress wave propagation in the striker and the incident bars, and
using the method of characteristics, the particle velocity vA�t�, at the strain gage station A can be
expressed as

vA�t� � vA�tP � � 1

Z

�ÿNA�t� ÿNA�tP � � 2NB�tÿ TBA �
� �5�

where tP � tÿ 2TBA, TBA � �XB ÿ XA�=C0 and Z is the acoustic impedance of the incident bar.
Similarly, the particle velocity vE, and the normal force NE, at the loading point xE can be expressed as

vE�t� � 1

2

�
vA�t� TEA � � vA�tÿ TEA �

�� 1

2Z

�
NA�t� TEA � ÿNA�tÿ TEA �

� �6�

NE�t� � 1

2

�
NA�t� TEA � �NA�tÿ TEA �

�� Z

2

�
vA�t� TEA � ÿ vA�tÿ TEA �

� �7�

where TEA � �xE ÿ xA�=C0:
Using Eqs. (4)±(7), the load-point displacement u�t�, and the load-point force F�t�, can be expressed as

u�t� �
�t
0

vE�t� dt and F�t� � ÿNE�t�, respectively: �8�

Lundberg and Henchoz (1977) have discussed the main sources of error in the two point strain
measurement scheme employed in the present experiments. First, the equations of motion used in the
present analysis assume one-dimensional wave propagation. However, during longitudinal stress wave
propagation in elastic bars, three-dimensional e�ects commonly known as geometric dispersion are
present. Secondly, Eqs. (4)±(8), require the precise locations of strain gages A and B. Any in-accuracy in
the location of the strain gage results in the propagation of this error. The third source of error
corresponds to the uncertainties in the physical properties of the incident bar material, i.e. the density of
the bar, the longitudinal bar speed, and the elastic modulus. For error estimation purposes, an
experiment was conducted without the specimen placed at the end of the incident bar, i.e. keeping the
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load point end of the incident bar as a free end. The objective was to compare the known solution for
force and particle velocity at the free end of the incident bar from the measurements of strains at the
strain gage locations A and B. Using a longitudinal bar wave speed of 5100 m/s for 6065-T6 Al alloy,
density of 2810 kg/m3, and an elastic modulus of 73 GPa, the maximum error obtained in load-point
force was approximately 6%.

Besides, the aforementioned sources of errors, the modi®ed Hopkinson bar con®guration for dynamic
fracture shares some of the inherent problems associated with instrumented impact testing. Earlier work
by Nakamura et al. (1986) has quanti®ed the e�ects of material inertia in laboratory three-point-bend
fracture specimens. Their work has suggested several avenues to minimize such e�ects. In particular,
they have shown that the behavior of a dynamically loaded three point bend specimen can be
characterized by a short time response dominated by discrete waves, and a long time response that is
essentially quasi-static. At intermediate times, the global inertia e�ects are signi®cant but the local
oscillations at the crack tip are small due to kinetic energy being absorbed by the crack tip plasticity.
Furthermore, to distinguish short time response from the long time behavior, they de®ned a transition
time, tt, as the time at which the kinetic energy and deformation energy in the specimen are
approximately equal. From this analysis they concluded that the e�ects of material inertia dominate
prior to the transition time, but the deformation energy dominates at times signi®cantly greater than tt:
Thus, for t� tt inertia e�ects can be neglected and quasi-static models can be applied in the
interpretation of the experimental results.

From the analysis of Nakamura et al. (1986), the transition time

tt � DL
W

c0
, �9�

where W is the width of the specimen, L is a geometric factor, and D is a non-dimensional constant
denoted by

D � t
_D
D
jtt : �10�

In Eq. (10), D is the instantaneous load point displacement, and ÇD is the rate of load point
displacement, both being evaluated at t � tt:

For relatively, brittle specimens, which are of primary interest in the present study, the quasi-static
analysis conditions can be met by minimizing tt: This can be achieved by (a) decreasing the applied
displacement rate, i.e. by decreasing the impact velocity and/or employing a relatively low impedance
incident bar instead of the conventional maraging steel bar employed in split Hopkinson bar apparatus,
and (b) by decreasing the width of the specimen. In view of these considerations, in the present
investigation a 6061-T6 Al alloy bar was used instead of the maraging steel bar and the impact velocity
was limited to a maximum of 10 m/s.

To estimate the critical material toughness at crack initiation an approach similar to the one proposed
by Plati and Williams (1975) is employed. In this approach the material toughness is de®ned by the
equation:

G � U

BDf
, �11�

where U is the measured energy upto crack initiation, B is the specimen thickness, D is the specimen
depth, and f is a known function of span to depth ratio (L/D ) and crack depth to specimen depth ratio
(a/D ).
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5.2. Specimen geometry and notch orientation relative to material microstructure

All the dynamic experiments were conducted with the specimens in the T±S con®guration. The T±S
con®guration was used to ensure that the propagating crack approaches the ductile phase reinforcement
in a crack arrester geometry, i.e. the crack runs normally into the ductile interface. The anvils
supporting the specimen had a length span of 40 mm. The specimens were machined from the original
extrusion by using electro-discharge machining, and were 9 mm wide and 10 mm deep giving an L/D
ratio of 4. Notch depths of either 3 or 5 mm were machined using a diamond wire saw of diameter 100
mm. The exact length of the notch was later measured by using a traveling microscope. For the specimen
geometry employed in the present experiments, L=D � 4 and a=D � 0:3 or 0.5. The corresponding
values for f are 0.354 and 0.233, respectively.

5.3. Experimental results and discussion

5.3.1. Dynamic fracture characteristics of SDP1 and LDP2 composites
Fig. 14 shows the load-point force versus displacement curves for the 7093/SiC/15p+10% small

commercial purity aluminum composite (SDP1), and the 7093/SiC/15p+25% large commercial purity
aluminum composite (LDP2). The impact velocity for the experiment conducted on the SDP1 composite
was 2.8 m/s and the impact velocity for the experiment conduct on the LDP2 composite was 4.4 m/s.
The ®rst peak in the force versus displacement curves for both the composites is due to inertia; the
further rise in force until the attainment of the highest peak represents the time for crack initiation.
Once the crack initiates, the load-point force falls sharply since the extension of the crack brings down
the sti�ness of the specimen. As seen from Fig. 14, the crack initiation time for the SDP1 and the LDP2
composites is quite similar. The energy absorbed by the composite upto crack initiation is approximately
2.25 J/cm2. This is also to be expected since the notch resides completely in the 7093/SiC/15p base
material in both cases. However, the dynamic crack propagation characteristics for the two composites
are signi®cantly di�erent. In the case of the small ductile phase toughened composite (SDP1) the

Fig. 14. Load-point force versus displacement curves for LDP2 and SDP1 composites. A larger area under the load-point force ver-

sus displacement curve for the large ductile phase reinforced composite indicates greater resistance during crack initiation and

growth.
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dynamic crack propagation is relatively straight with very little energy being absorbed during crack
propagation. On the other hand, for the case of the LDP toughened composites (LDP2), the crack path
is governed by several interactions the crack front has with the ductile phase reinforcements absorbs
signi®cantly more energy during crack propagation.

Fig. 15 shows the material microstructure ahead of the notch for the LDP2 composite. A number of
ductile phase reinforcements can be observed ahead of the crack tip. The dashed line shows the path
taken by the crack during dynamic fracture of the composite. The crack is observed to de¯ect sideways
along the interface as it encounters the ®rst ductile phase reinforcement. Failure of the ductile phase
occurs by the tearing of the reinforcement ligaments in the wake of the crack. The ductile ligaments are
observed to be plastically stretched and also show evidence of necking during the ductile tearing process.
Also, during the tearing of the ductile ligaments, the ductile/brittle interfaces in the vicinity of the crack
propagation path, are observed to delaminate. Each peak in the force±displacement curve after crack
initiation, can be correlated to a particular extrinsic toughening mechanisms activated every time the
cracken counters a LDP reinforcement in its propagation path.

Fig. 16(a) shows a SEM micrograph of the fracture surface for the LDP2 composite. Alternating
layers of the ductile phase reinforcement and the SiC particle reinforced aluminum can be clearly seen.
A closer look into the ductile phase reinforcement (Fig. 16(b)) shows that micro-void coalescence to be
the predominant mode of failure in the large commercially pure aluminum reinforcements. Also, in the
neighborhood of the ductile phase reinforcement layer there is evidence of some interfacial delamination
as the crack enters and exits the ductile phase reinforcement. A close examination of the region

Fig. 15. Material microstructure ahead of the pre-machined notch for a typical LDP2 composite dynamic fracture specimen. The

dashed line indicates the path taken by the crack during dynamic fracture. The failure mechanisms include ductile tearing of the

large ductile phase reinforcement, crack de¯ection, and delamination of the ductile/brittle interface.
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Fig. 16. (a) Micrograph showing typical fracture surface for LDP2 composite. Alternating layers of the ductile phase reinforcement

and the 7093/SiC/15p base material can be easily identi®ed. (b) A magni®ed view of ductile failure within a large commercially

pure aluminum reinforcement. The ductile mode of failure is in part responsible for absorbing considerable amount of energy

during the crack propagation phase. (c) A magni®ed view of failure in the 7093/SiC/15p base material showing the fragmentation

of the brittle SiC reinforcement particle and its decohesion from the ductile matrix.
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(Fig. 16(c)) in the vicinity of the crack path shows that the failure in the brittle particle reinforced region
occurs by the nucleation and growth of micro-voids due to particle cracking and subsequent de-cohesion
of the reinforcement particle from the surrounding matrix.

In order to investigate the e�ect of impact velocity on the dynamic fracture characteristics of the
LDP2 composites, a few experiments were conducted at approximately half the impact velocity of the
experiment described in Fig. 14. Fig. 17 shows the typical material microstructure ahead of the notch
for the experiment conducted at 2.4 m/s. The corresponding load point force±displacement history is
shown in Fig. 18. Crack arrest occurs after approximately 0.5 mm of load-point displacement. Fig. 19 is
an optical micrograph showing the path taken by crack. As the crack approaches the very ®rst ductile
reinforcement layer it is observed to de¯ect parallel to the ductile/brittle interface leading to crack arrest.
A close-up view of the region ahead of the arrested crack tip shows evidence of plastic deformation in
the form of slip bands in the commercial purity Al reinforcement.

The aforementioned experimental results are consistent with the recent ®nite element simulations of
Siegmund et al. (1997) for dynamic crack growth across interfaces between elastic and elastic-
viscoplastic materials. They showed that for crack growth from a harder material phase into a more
ductile phase with power law strain hardening, and with interface strength of approximately 25% of the
material cohesive strength, the crack momentarily arrests at the interface but eventually propagates
through it. Furthermore, they observed that for cases when the ductile phase was described by a
combined power law hardening and enhanced strain-rate hardening, the crack speed in the elastic
material plays the determining role in whether or not the crack penetrates the interface. When the crack
approaches the interface at a speed which is high enough such that the local strain-rates in the vicinity

Fig. 17. Microstructure ahead of the pre-machined notch in LDP2 composite. The impact velocity was 2.4 m/s. The combination

of low impact velocity and the cluster of ductile phase reinforcements lead to crack arrest.
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of the crack tip are higher than the critical strain-rate for transition from the power-law hardening to
enhanced strain-rate hardening then the crack propagates through the ductile phase. On the other hand,
if the crack tip speed is small such that the local strain-rates are lower than the transitional strain-rate
then the softer material appears more `ductile' and leads to crack arrest.

5.3.2. Dynamic fracture characteristics of LDP3 composites
In the present study, the majority of the dynamic fracture experiments on LDP3 composites were

conducted with crack propagation gages (CPG) placed on the specimen surface. The motivation of using
the CPGs was to understand the correlation between load point force and the crack tip velocity as the
crack interacts with the ductile phase reinforcement. Micro-Measurement group's TK-09-CPA01-005/DP

Fig. 18. Load-point force versus displacement curves during crack propagation and arrest (impact velocity 2.4 m/s). The highest

peak in the force versus displacement curve indicates the point of crack initiation.

Fig. 19. Optical micrograph of crack arrest at the brittle/ductile interface (impact velocity 2.4 m/s). The crack runs in a zigzag pat-

tern in the brittle phase before being arrested by crack de¯ection into the brittle/ductile interface.
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crack propagation gages with 20 grid lines over a length of 5.1 mm were used. For recording the CGP
voltage output a HP54542A digitizing oscilloscope was used with a sampling rate of 25 MSa/s. The ®rst
8 V jumps, corresponding to the fracture of eight CPG wires closest to the notch, range from 5 to 10
mV. The ®nal voltage jump (corresponding to the breakage of the 20th CPG wire) is of the order of 160
mV and is easily distinguishable. Optical micrographs of the CPG glued on to the fracture specimen,
were taken before conducting the experiment to record the position of the CPG wires with respect to the
ductile phase reinforcements. If the ®rst wire was overriding the notch it was cut o� with a razor blade
so as not to generate a false signal of crack initiation. After the experiment, the recorded CPG voltage
signal is compared with the positions of the CPG wires recorded on the optical micrographs, to estimate
the crack tip velocity history.

Fig. 20 shows the microstructure ahead of the notch for a typical LDP3 fracture specimen. The dark
horizontal lines represent the position of the CPG wires with respect to the position of the ductile phase
reinforcements. From the optical micro-graph, it can be seen that two large and one small ductile phase
reinforcements are present ahead of the initial notch tip. The LDP reinforcements in LDP3 comprise
high strength Al alloy with a chemical composition very similar to the high strength 7093 Al control
alloy. The corresponding load point force versus time plot is shown by the dashed line, whereas the
crack propagation gage signal is shown by the solid line in Fig. 21. The time axis starts at 300 ms, which
corresponds to the time of arrival of compressive pulse at the load point E. The total duration of the
stress pulse is approximately 353 ms. The horizontal dotted lines in the ®gure represents the expected
voltage jump as each CPG wire breaks. The experimental voltage jumps corresponding to the fracture of

Fig. 20. Optical micrograph showing the material microstructure ahead of the pre-machined notch and the position of crack propa-

gation gage wires with respect to the material microstructure for experiment 96-032f. The ®rst wire overriding the notch was cut o�

prior to the experiment to avoid a false signal.
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each CPG wires can be read from the 2Y-axis. Because of the relatively low band width (1 MHz) of the
di�erential ampli®er used to record the CPG output the square steps of the CPG signal are rounded o�.
The ®rst peak in the load-point force versus time curve is due to inertia. The further rise in force to 5
kN represents the load-point force at crack initiation. The time for crack initiation is approximately 80
ms after the arrival of the loading pulse at the load-point end, and matches closely with the CPG signal
corresponding to the fracture of the ®rst CPG wire. Once the crack initiates the force falls sharply to 2
kN, as the increase in crack length brings down the sti�ness of the specimen. As observed from Fig. 21,
the ®rst eight CPG wires lie completely in the brittle particle reinforced region. The average crack tip
speed in this region, based on the time taken for the crack tip to cut through the eight CPG wires, is
approximately 133.9 m/s. The crack slows down as it encounters the ®rst bean. This is also re¯ected by
the ¯at portion in the crack propagation gage signal between the 8th and the 12th wire. The average
crack tip speed between the 8th and the 12th wires is 23.6 m/s. Correspondingly, the load point force in
the force±time plot increases since additional energy is required to tear through the ductile phase
reinforcement. Between the ®rst and the second ductile phase reinforcement, i.e. in the brittle particle
reinforced region between the 12th and the 13th wire, the crack accelerates again to a velocity of 135.8
m/s, before being slowed down as it approaches the second ductile phase reinforcement. This is again
indicated by the ¯at region in the CPG signal between the 12th and the 13th wire. The second ductile
phase reinforcement, i.e. the region between the 13th and the 16th wire, slows down the crack tip speed
to 22.5 m/s. Next, the crack again accelerates to 122.5 m/s as it emerges from the second ductile phase
reinforcement and enters the brittle particle reinforced region. By the time the crack reaches the last
ductile phase reinforcement, i.e. the 19th wire, it has slowed down to approximately 18 m/s. The last
ductile phase reinforcements lows the crack down to 2.26 m/s. The increase in load-point force
corresponding to the last ductile bean is also observed in the force versus time plot. This is illustrated
schematically in Fig. 22. In this ®gure the instantaneous speed of the crack tip is plotted as a function of
position of the CPG wires on the fracture specimen. The shaded region in the ®gure corresponds to the
position of the ductile phase reinforcement ahead of the notch tip.

Fig. 23 shows typical load-point force versus displacement curves obtained during dynamic fracture of
LDP3 and LDP2 composites. The ®rst peak in the force displacement curve occurs due to inertia; the

Fig. 21. Load-point force versus time pro®le along with the crack propagation gage (CPG) signal for experiment 96-032f. The rise

and fall in the load-point force versus time pro®les correlate well with the acceleration and deceleration of the crack as inferred

from the crack propagation gage signal.
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further rise in force, until the attainment of the highest peak represents the time before crack initiation.
Once crack initiates the force falls sharply, as the extension of the crack brings down the sti�ness of the
specimen. As expected, the dynamic crack initiation toughness for the LDP3 composite is similar to the
SDP1 and LDP2 composites. Also, the crack propagation toughness of the LDP3 composite is much
higher than the SDP1 composite. The enhanced crack propagation toughness of LDP3 relative to the
SDP1 composite can be attributed to extrinsic toughening mechanisms introduced by the LDP
reinforcement. However, contrary to our expectations the crack propagation energy during dynamic
crack propagation through the LDP3 composite is quite similar to the LDP2 composite. The crack
propagation path for LDP3 composite is relatively straight as compared to the crack growth patterns
observed for the LDP2 composites.

Fig. 22. Crack tip speed versus the position of the crack propagation gage wires for experiment 96-032f. The shaded region in the

plot represents approximately the position of the ductile phase reinforcement. The deceleration of the crack as it interacts with the

ductile phase reinforcement is clearly evident from the ®gure.

Fig. 23. Load-point force versus displacement curves for LDP2 and LDP3 composites. Both composites show similar crack in-

itiation and propagation characteristics.
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A SEM micrograph of the fracture surface with large Al alloy reinforcement is shown in Fig. 24.
Unlike the large commercially pure Al reinforcement composite, the large Al alloy reinforced composite
fails in a cleavage manner by inter-granular fracture. Inter-granular fracture is a low energy absorbing
mechanism as compared to micro-void coalescence observed during the failure of ductile phase
reinforcement in the LDP2 composites. A possible reason for the di�erence in the mode of failure can
be attributed to the processing sequence undergone by the large Al alloy reinforced DRA composites.
The large Al alloy reinforced DRA composites were extruded twice. Once in a ratio of 22:1 to produce
25.4 � 76.2 mm bars and then a second time to a ®nal cross-section of 17.145 � 60.325 mm. As a
consequence a large amount of cold work energy is stored in the composite. During the elevated
temperature aging cycle, both recovery and re-crystallization processes are operative. This leads to a
substantial increase in the grain size of the Al alloy phase. This is also con®rmed by etching the large
unreinforced ductile phase regions within the toughened DRA composites to reveal the grain boundary.
The large grain size promotes cleavage failure by intra-granular fracture. Also, it is understood that
overaging in Al±Zn±Mg±Cu alloys, which represents the ductile phase reinforcements in LDP3
composites, leads to grain boundary particles segregation which can result in inter-granular fracture in
Al alloys (Wanhill, 1978).

Fig. 24. Micrograph of the fracture surface for the large aluminum alloy ductile phase reinforced material (LDP3) showing inter-

granular fracture. The `brick-like' structure corresponds to a typical grain of the high strength aluminum alloy reinforcement.
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5.4. Summary of dynamic fracture experiments

For all the composites evaluated in the present investigation the dynamic initiation toughness is
similar to the 7093/SiC/15p composite (base material). The average energy absorbed by the composite
upto crack initiation is approximately 2.25 J/cm2. However, the dynamic crack propagation
characteristics of the composites are observed to be strongly dependent on the volume fraction of the
ductile phase reinforcement in the composite, the yield stress of the ductile phase reinforcement, the
arrangement of the ductile phase reinforcements with respect to the notch, and the impact velocity
employed in a particular experiment.

When the ductile phase reinforcement retains good ductility through processing, as in the case of the
large volume fraction commercial purity aluminum reinforcements, a substantial degree of plastic stretch
of the reinforcement ligaments accompanies crack growth. Notably, the ductile phase reinforcement fails
in a ductile mode and ruptures along a ridge. When this occurs, without interface debonding, dynamic
crack propagation shows an increase in the crack growth resistance every time the crack front
encounters a ductile phase reinforcement in its path. When the ductile phase reinforcement layers are
thin, as in the case of SDP1 composite, the di�erence in the dynamic crack growth curves for the SDP1
composite and the base composite is small. Thicker metal layers, as in the case of LDP2 and LDP3, are
observed to consistently result in an increasing dynamic crack growth resistance caused by large scale
bridging of the crackfront in the wake of the crack. Misalignment of the crack front and the ductile
phase reinforcement layers introduces an additional level of complexity through the e�ects on crackpath,
on crack trapping, ligament formation, etc. When the crack encounters an obliquely oriented layer, the
crack is momentarily arrested and induces a series of decohesion and deformation events that dictate the
subsequent behavior. At low impact velocities the LDP composites are e�ective as a crack arrester.

Among the LDP additions, the commercial purity aluminum consistently failed in a ductile manner
with micro-void nucleation and void growth as compared to the high yield strength aluminum alloy
reinforcements, which were observed to fail by a cleavage inter-granular mechanism. The combination
of the various steps involved in processing the LDP3 composites, the high ¯ow stress of the high-
strength aluminum alloy reinforcement, and the constraint imposed on the deformation of the ductile
reinforcement by the 7093/SiC/15p composite, are understood to be the reasons for the observed
cleavage inter-granular fracture.
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