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Abstract

The R-curve and fracture toughness behavior of single-edge notch beams of TTir&tallic—intermetallic laminate
(MIL) composites has been investigated. Composites with 14, 20, and 35% volume fraction Ti, with a corresponding
intermetallic layer thickness of ~540, ~440, and ~300 microns, respectively, were tested in crack arrester and crack
divider orientations. In the arrester orientation, the R-curve could not be determined for the two highest Ti volume
fraction compositions as the main crack could not be grown through the test samples. In the divider orientation, R-
curves were determined for all three Ti volume fractions tested. The laminate composites were found to exhibit more
than an order of magnitude improvement in fracture toughness over monolitiic Brack bridging and crack deflec-
tion by the Ti layers were primarily responsible for the large-scale bridging conditions leading to the R-curve behavior
and enhanced fracture toughness. Estimates of steady-state toughness under small-scale bridging conditions were in
close agreement with experimental results.
[0 2003 Acta Materialia Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction been produced from elemental titanium and alumi-
num foils by a novel one-step process utilizing a
1.1. Ti-Al;Ti laminate composites controlled reaction at elevated temperature and
pressurgl]. The novelty of this fabrication process
Titanium—titanium tri-aluminide (Ti—AJTi) met- lies in the fact that it is performed in open air and

allic—intermetallic laminate (MIL) composites have produces a fully dense laminate composite. The
thickness of the original titanium and aluminum
foils is chosen to ensure that the entire aluminum
Torresponding author. Tel+1-858-534-7888; fax:+1- Igyer is consumed upon reac'tion with the adjacept
858-834-5698. titanium layers. Such a layering scheme results in
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residual Ti, and the thickness of the final layers are
dependent upon the thickness of the original Ti and
Al foils. The above process is highly flexible since
metal/alloy foils other than Ti can be used indi-
vidually, or in combination, within the same com-
posite, to produce their respective metal—metal alu-
minide composites. For example, MIL composites
using Fe-based, Ni-based, and Co-based alloys as
the starting metal layer (instead of Ti) have been
successfully fabricated using the above technique
[1].

Of the various possible aluminides in the Ti—-Al
system, the formation of the intermetallic AlsTi is
thermodynamically and kinetically favored over
the formation of other aluminides when reacting
Al directly with Ti. This preferential formation of
Al;Ti is fortuitous as its Young's modulus (216
GPa) and oxidation resistance are higher, and the
density (3.3 g/cm®) lower than that of the other
titanium aluminides such as TizAl and TiAl [2].
The high compressive strength and high compress-
ive stiffness of Al;Ti (or intermetallics, in general)
results from their high bond strength. However,
intermetallics are brittle at low temperatures due
to the limited mobility of dislocations (and paired
superdislocations with anti-phase boundaries),
insufficient number of dlip or twinning systems,
and/or very low surface energy resulting in little
to no plastic deformation at the crack tip. For
example, Al;Ti is extremely brittle at room tem-
perature and has a very low fracture toughness of
~2 MPa/m [3]. Various investigators have tried to
improve the toughness of intermetallics [4,5] by
reinforcing them with particles [6-8], rods [9-12],
or layers of ductile metals [4,13-19]. It is interest-
ing to note that for the same volume fraction of
the ductile reinforcing phase, the ductile phase in
laminate form has the maximum toughening
efficiency followed by fiber and particulate mor-
phology, in that order [8,20]. In the laminate com-
posites fabricated in this research, the ductile metal
phase is aternated with the brittle intermetallic
phase instead of being used as a reinforcement for
the bulk intermetallic.

The concept of creating laminate composites to
enhance the toughness of materials is not new. In
fact, as early as 1966, laminates of a Ti-5A[-2.5Sn
aloy have been shown to exhibit six to seven times

higher toughness than a bulk sample of the same
thickness [21]. The various toughening mech-
anisms responsible for the higher toughness of the
laminates are described in the next section. Table
1 summarizes the fracture toughness and stiffness
of various ductile-brittle material systems in the
literature. The fracture toughness and stiffness of
the composites in Table 1 are normalized by their
respective densities to compare the various
material combinations on a weight basis. The spe-
cific modulus of the laminates is seen to vary
approximately two orders of magnitudes from
~10°-10% m?/s?, while the specific initiation frac-
ture toughness generally ranges from 1074 to a few
103 m*/m/>. Among the laminates listed from
the literature, the diffusion bonded laminates of Al
and Al,O; possess the highest specific initiation
fracture toughness of ~60x10~* m*/m/s?> and a
corresponding specific modulus of ~4x10” m?/s? at
a large volume fraction (~0.8) of the ductile phase
(Al). Such a large specific fracture toughness of
80%AI1-20%Al1,0; composites is not surprising
considering that the composite is predominantly a
ductile metallic phase. On the other hand, the y-
TiAI-TiNb composites have ~30% lower specific
initiation fracture toughness of ~40x10% m*/m/s?
and a similar specific modulus as the Al-Al,O4
system, but at a much lower volume fraction
(~0.1-0.2) of the ductile phase (TiNb) [15,22]. In
other examples, metal-Al,O; composites, where
the metal may be Cu [16,23], Ni [23], or Al
[11,16,19,23], have a substantially higher specific
modulus of ~7-10x10” m?/s?> with a mediocre spe-
cific initiation fracture toughness of ~10-30x10~*
m2/m/s?. The high specific modulus of the metal—
Al,O; systems is due to the high (415 GPa) modu-
lus of the Al,O; phase. Thus, Table 1 serves to
show that a laminate geometry isavery useful way
to “mix-n-match” various materials to come up
with material-systems with the desired modulus
and fracture toughness.

The overall aim of this research was to create a
material with high specific strength, toughness, and
stiffness for lightweight armor and high perform-
ance structural applications. While monolithic
titanium is currently being actively used in armor
[24-27], and structural applications, high pro-
duction costs limit its widespread use. As will be
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shown subsequently, the Ti—Al;Ti laminate system
possesses a combination of high strength, tough-
ness and stiffness at a lower density than mono-
lithic titanium or other laminate systems. Further,
since Al is relatively inexpensive compared to Ti,
the Ti—Al;Ti system is economically more attract-
ive than monoalithic titanium. Although Ti—Al;Ti
laminates have been fabricated earlier by several
researchers [28-31], the present research, to the
authors' knowledge, is the first to elucidate the
fracture mechanisms in Ti—Al;Ti composites, to
determine their fracture toughness, and to fabricate
them in a substantialy large size for possible prac-
tical applications.

1.2. Crack growth and toughening mechanisms
in laminate composites

Crack propagation in laminates can be studied
in two extreme orientations, as shown sche-
matically in Fig. 1. In the crack arrester orientation,
theinitial notch/crack tip ends within an individual
layer of the test sample such that the crack front
“sees” each layer interface sequentially during
loading. In the crack divider orientation, the initial
notch/crack tip intersects all the layers of the test
sample such that the crack front “sees’ all the layer
interfaces simultaneously [32]. Toughening mech-
anismsin materials can be broadly divided into two
categories—intrinsic and extrinsic. Intrinsic tough-
ening implies toughening due to inherent resistance

(a)

—
(=
~

Fig. 1. Schematic representation of sample geometry to study
crack propagation in the Ti—Al;Ti laminates. (a) Crack arrester
orientation, and (b) crack divider orientation.

of the microstructure to crack growth. Intrinsic
toughening mechanisms include grain size effects,
precipitates, particle spacing etc. Extrinsic tough-
ening relies on mechanisms that reduce the local
stress intensity at the crack tip, and hence the
“driving force” for the crack growth. Toughening
in the Ti-Al;Ti laminate composites is of the
extrinsic type and several extrinsic toughening
mechanisms are briefly described below [33]:

1.2.1. Crack deflection

It occurs when layer delamination occurs ahead
of an advancing crack or when a crack encounters
an interface. Large crack deflection (up to 90° in
the crack-arrester orientation) can reduce the Mode
| component of the local stress intensity and causes
the crack to move away from the planes of
maximum stress. This mechanism is independent
of the volume fraction of the metallic phase.

1.2.2. Crack blunting

It occurs when a crack encounters a ruptured
region and is consequently, deflected and blunted.
Further crack growth requires re-nucleation, i.e. a
significant amount of energy absorption, resulting
in an increase in toughness. This mechanism is
independent of the volume fraction of the met-
alic phase.

1.2.3. Crack bridging

In this toughening mechanism, unbroken ductile
layers span the wake of the crack and crack-growth
requires stretching of the bridging ligaments which
must have sufficient ductility to avoid fracture at
or ahead of the crack tip. This mechanism can
result in the typical resistance curve (R-curve)
behavior and is dependent upon the volume frac-
tion of the ductile phase.

1.2.4. Sress redistribution

Delaminations in the layers ahead of the crack-
tip result in a reduction and redistribution of the
local stress. This mechanism can result in R-
curve behavior.

1.2.5. Crack front convolution
In a composite comprised of layers with dissimi-
lar ductility and tested in the divider orientation,
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the crack front in the less ductile component leads
the crack in the more ductile component. The
resulting crack front is highly convoluted and can
result in delamination at the interfaces. Thus, crack
growth is slowed and reduced by the plastic tearing
required for crack propagation in the more ductile
layer. This mechanism is dependent upon the vol-
ume fraction of the metallic phase and can result
in the R-curve behavior.

1.2.6. Change in the local deformation mode

In a laminate tested in the divider orientation,
substantial deformation at the crack-tip may
change the deformation mode of individual layers
from plane strain to plane stress. This change in
the deformation mode causes the layers to fail in
shear rather than flat fracture and, consequently,
increases the stress required for crack growth. This
toughening mechanism can result in the R-curve
behavior.

1.3. Modeling toughness in laminate composites

Plastic deformation in ductile-brittle composites
is accompanied by necking or bridging of the duc-
tile phase (particles, layers, etc.) which requires a
work-of-stretching and results in an increment,
AGg, in the energy required to fracture [6]. The
bridging ductile phase can aso be looked at as
exerting a closing force on the crack face which
reduces the stress intensity, K, at the crack tip such
that the remote stress intensity required to propa-
gate the crack becomes larger [11]. The bridging
phenomenon can be divided into small-scale bridg-
ing (SSB) and large-scale bridging (LSB)
depending upon whether the size of the bridging
zone is small or comparable, respectively, to the
crack length and in-plane specimen dimensions.
The distinction between SSB and L SB is important
as AGc is independent of crack length and speci-
men geometry in the SSB but not in the LSB [34].

Under SSB conditions, the bridging behavior is
modeled by relating the stress/crack opening
relation, o(u), to the uniaxial plastic flow proper-
ties of the ductile phase [6]. Once o(u) is known,
AG¢ can be calculated as [6,9]:

*

AGe = f f " o(u)du )

wheref isthe areafraction of ductile material inter-
cepted by the crack and ux is the total crack open-
ing when the material fails. The function o(u) is
determined by the constraint in the matrix, con-
straint associated with debonding of the matrix,
constitutive properties of the ductile phase, and
large geometry changes due to processes such as
the evolution of shear bands. Thus, while the duc-
tile—brittle composite has an intrinsic fracture
toughness, K, (also known as the matrix or crack-
initiation toughness), crack bridging by the ductile
phase increases the overal toughness by an
amount, AKg, to a steady-state toughness value,
Kss. The steady-state toughness can be modeled
as [34]:

Kss = (K3 + AKE, (2)

Since fracture toughness, K, is related to strain
energy release rate, G, as follows [35]:

K= \/E (plane stress), (39

G
K = /(1E—v2) = JE'G (plane strain), (3b)

where v is the Poisson’s ratio, equation (2) can be
written as:

Kss = K3 + E'AGe. )

The steady-state magnitude of AG. is given by
[14]:

AGC = GofRZ, (5)

where o0, is the unconstrained uniaxia yield
strength of the reinforcement, f is the area fraction
of reinforcement, 2R is the reinforcement thick-
ness, and y is awork-of-rupture parameter that var-
ies between 1.6 and 6, depending on the degree of
interface debonding and the reinforcement consti-
tutive behavior [9]. The product of o, and y can
be replaced by the constrained yield stress of the
ductile layers, oc.

The objectives of this research were to deter-
mine the R-curve and fracture behavior of Ti—
Al;Ti MIL composites in the crack arrester and
crack divider orientations as a function of the vol-
ume fraction of the ductile (Ti) phase. The volume
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fractions of Ti in the Ti—Al;Ti composites tested
were 14, 20 and 35 percent.

2. Experimental procedures
2.1. Processing

Foils of commercial purity 1100 aluminum and
Ti—3A1-2.5V were stacked alternately and placed
between two nickel alloy platens on the crosshead
of a screw-driven load frame. A detailed descrip-
tion of the processing method for synthesis of these
MIL composites has been presented elsewhere [1].
Each platen was heated by a set of 5 cartridge heat-
ers and the temperature of the platens was con-
trolled via programs written in LabView software.
Table 2 lists representative starting foil thickness
and the final metal (Ti) and intermetalic (AlsTi)
thickness. The thickness of the starting Ti and Al
foils was selected to ensure that the Al was com-
pletely consumed by the adjacent Ti layers to pro-
duce Al;Ti, leaving behind some unreacted Ti. The
volume fraction of the residual Ti (or Al;Ti) was
thus, controlled by the thickness of the starting lay-
ers. In subsequent sections, the samples will be
identified by the volume fraction of titanium. For
example, a 14Ti indicates a sample with a Ti vol-
ume fraction of 14%. Typical plate dimensions of
the starting MIL composites were ~150 mm square
and ~20 mm thick.

2.2. Compression testing (end-confined quasi-
static)

Rectangular compression samples, 6 mmx6
mmx10.5 mm tall, were cut from the MIL com-

Table 2

Representative metallic-intermetallic laminate composite materials

posite plates and ground to 4000 grit. Several steel
rings were machined with 19.1 mm diameter, 2
mm thickness and a 6 mm sguare cutout in the
center. The square ends of the compression
samples were then placed within the square cutout
of aring at each end to provide end-confinement
and eliminate end and edge premature failure
effects. The samples were tested in compression at
room temperature at strain rates of 10~4/s and
10~?%sin a servo-hydraulic test frame. Grease was
used between the platens and sample ends to min-
imize friction. Tensile samples were machined out
of Ti foilsand tested at astrain rate of 10~%/s. Load
data from the load cell and displacement data from
the deflectometer were recorded by the data acqui-
sition program and used to plot the corresponding
engineering stress-strain curves. The tensile data
was used to obtain unconstrained yield strength of
the Ti foils for use in the toughness modeling.

2.3. Three point bend testing

Resistance-curve (or R-curve) testing of the MIL
composites in the crack-arrester and crack-divider
orientation was performed on single edge-notched
bend (SE(B)) specimensin accordance with ASTM
E-399-90. The typical width, W, of a bend sample
was 17 mm with a thickness, B, of 8.5 mm and a
span of 72 mm (4.2W). The samples were notched
using a low speed saw with a 0.25 mm thick dia-
mond blade. Fatigue pre-cracking was performed
on aservo-hydraulic load frame by cycling the load
between 0 and 150 N. This notching and pre-crack-
ing procedure was required to simulate a natural
crack by using a reproducibly sharp and narrow
machined notch in order to start, measure, and
maintain the stress-state of the crack at the midpo-

Sample Nominal starting foil thickness (um) Nominal fina layer thickness (um) Nominal volume fractions
Ti Al Residua Ti AlSTi Ti AlSTi
35Ti 250 200 160 300 0.35 0.65
20Ti 250 300 110 440 0.20 0.80
14Ti 250 380 90 540 0.14 0.86
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int of the sample. The combined notch and pre-
crack length varied between 0.45-0.55 W. A Navi-
tar Zoom 6000 internal co-axia and fiber-optic
ring light illuminated zoom lens system (22.69—
3.56 mm diagonal field of view) was connected to
a CCD camera to capture and record video of the
bend tests. The bending was preformed in a servo—
hydraulic test frame under displacement control at
arate of 0.5 mm/min, with load cell, deflectometer
and time data recorded by the data acquisition pro-
gram. Crack length at different times was measured
by analyzing the video images of the test. At least
two samples for each Ti volume fraction, and
orientation were used to collect data

Fracture toughness was calculated as follows, in
accordance with the ASTM standard E399-90:

K = (PS/BW(3/2) X f(a/W), (6)

where K is the fracture toughness, P is the load, S
is the span, B is the specimen thickness, W is the
specimen width (depth), a is the crack length, and
f(a/W) is the function defined as:

fla/W) = ©
3(a/W)¥2[1.99— (a/W)(1—a/W) X
(2.15-3.93a/W + 2.782/\W\P)]

2(1 + 2a/W)(1—a/W)*?

.The function f(a/W) was caculated using a
Microsoft Excel spreadsheet for each measured
crack length and the R-curves were then plotted
from the calculated K values and the measured
crack lengths.

2.4. Elastic modulus of MIL composites

The élastic modulus of the MIL composites was
calculated from their ultrasonic sound speed and
density. The longitudinal sound velocity in the
sample was measured in the transmission mode
using a pair of 5 MHz, 6.35 mm diameter, broad
band Panametrics transducers. The sample surfaces
were polished to better than 3 um and the trans-
ducers were held to the sample by hand, with water
as a couplant between the transducers and sample.
The density of the samples was measured using the
buoyancy method.

3. Results and discussion

3.1. Compression testing (end-confined quasi-
static)

The typical microstructures of the MIL com-
posites are shown in Fig. 2. The volume fraction
of Ti was calculated as:

(a)

Fig. 2. Representative backscattered SEM micrographs of the
through-thickness section of the laminates tested. (a) 14% Ti
(b) 20% Ti, and (c) 35% Ti.
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tr
tri + tami’
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where ty; and t, 51 refer to the thickness of the Ti
and the Al;Ti layer, respectively.

The end-confined quasi-static stress—strain
curves for the 14Ti composite are shown in Fig. 3.
The yield stress for samples tested with the layers
paralel and perpendicular to the load is 1020 MPa
and 870 MPa, respectively, with only afew percent
ductility. Figure 4 shows typical fractured samples
of the 14Ti composites tested at a strain rate of
0.0001/s. When the samples were tested with the
layers paralld to the load, Fig. 4(a) shows that the
fracture occurs by a combination of shattering of
the intermetallic, buckling of the Ti layers, and
shearing of Ti and Al;Ti layers. When the com-
posites were tested with the layers perpendicular
to the load, failure occurred by shearing through
the thickness of the sample and takes on the form
of steps through the layers.

The end-confined quasi-static stress—strain
curves for the 20Ti composite are shown in Fig. 5.
The yield stress for samples tested with the layers
paralel and perpendicular to the load is 1150 MPa
and 900 MPa, respectively, and these strength
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Fig. 3. 14Ti end-confined quasi-static stress-strain curves for
samples tested at 0.01/s and 0.0001/s with layers paralel and
perpendicular to the load.

Fig. 4. Failure modes in 14Ti end-confined quasi-static com-
pression samples. (a) Layers paralel to load, 0.0001/s. (b) Lay-
ers perpendicular to load, 0.000L/s.

values are 13% and 3%, respectively, higher than
those obtained in the 14Ti samples. Figure 6 shows
typical fractured samples of the 20Ti composites
with the failure mode being similar to that obtained
in the 14Ti composites for the respective loading
directions.

The end-confined quasi-static stress-strain
curves for the 35Ti composite are shown in Fig. 7.
The yield stress for samples tested with the layers
paralel and perpendicular to the load is 1270 MPa
and 910 MPa, respectively, and these strength
values are respectively ~25% and ~5% higher than
those obtained in the 14Ti samples. Figure 8 shows
typical fractured samples of the 35Ti composites
and that the damage is confined to the sample vol-
ume between the confinement rings.

The end-confined quasi-static flow curves in
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Fig. 5. 20Ti end-confined quasi-static stress-strain curves for
samples tested at 0.01/s and 0.0001/s with layers paralel and
perpendicular to the load.

Figs 3, 5 and 7 for the MIL composites of varying
metal-intermetallic volume fraction show that the
yield strength of the MIL composites increases
with increasing metal (Ti) volume fraction. The
flow curves also show that the yield strength for
al the compositions was greater when the sample
layers were paralel to the loading direction. The
composites show minimal plasticity with failure
strains of 0.02-0.03, with the 35Ti showing a
dlightly larger failure strain. Figures 4, 6 and 8
show that the damage and failure mechanisms are
similar for all the compositions tested for respect-
ive loading direction. When loaded parallel to the
layers, the load carried by each phase is distributed
in proportion to their modulus ratio. Al;Ti being
the dtiffer of the two phases, thus carries a pro-
portionately greater load until failure. Subsequent
to the failure of the AlTi, the Ti layers fail by
bending and buckling. When loaded perpendicular
to the layers, the intermetallic fails by “axial split-
ting” owing to the in-plane tensile stresses, a
phenomenon also commonly seen in brittle cer-
amics when loaded in compression. The fracture
of the intermetallic causes the adjacent Ti layers
to be unsupported and the ductile Ti layers fail by
shear due to the shear displacements that can now

~

_—— '% mim

Fig. 6. Failure modes in 20Ti end-confined quasi-static com-
pression samples. (a) Layers paralel to the load, 0.0Vs. (b)
Layers perpendicular to the load, 0.0001/s.

occur at the locations of the axia splitting. Hence,
while the sample is globally loaded in com-
pression, the brittle intermetalic fails by in-plane
tensile stresses and the ductile Ti layers fail by
shear. The axia splitting of the intermetallic alter-
nated by sheared Ti layers give a step-like appear-
ance to the fractured surface, as seen in Figs 4, 6
and 8.

Figure 9 shows the specific compressive strength
(i.e. compressive strength divided by density) as a
function of specific Young's modulus (i.e. Young's
modulus divided by the density) for Ti—-Al;Ti com-
posites and a variety of engineering materials. For
structural applications, one would typically prefer a
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Fig. 7. 35Ti end-confined quasi-static stress-strain curves for
samples tested at 0.01/s and 0.0001/s with layers paralel and
perpendicular to the load.

material in the top-right corner (i.e. highest specific
strength and specific modulus), as seen in diamond
and diamond/carbide laminates. However, the high
cost of diamond and the difficulty of obtaining it
in bulk form preclude these two materials from
typical structural applications. It is seen that the
Ti—AlsTi laminates outperform conventional met-
as (indicated by nickel, stainless steel and other
dark colored ellipses close to them), whereas cer-
amics, such as boron carbide, perform better than
the MIL composites or the conventional metals.
Although the monolithic ceramics appear better
than the MIL composites with regard to specific
strength and stiffness, it will be shown sub-
sequently that the MIL composites have a much
higher fracture toughness than monolithic ceramics
making the MIL composites a better choice. Thus,
Fig. 9 shows that the MIL composites are
extremely promising materials for structural appli-
cations that require high compressive strength and
high stiffness.

3.2. Resistance-curves in the arrester orientation

Of the three MIL compositions tested in the
arrester orientation, a single main crack could not

I :.’, mm

Fig. 8. Failure modes in 35Ti end-confined quasi-static com-
pression samples. (a) Layers paralel to the load, 0.0Vs. (b)
Layers perpendicular to the load, 0.01/s. The defocused band
at the top and the bottom of the images is the confinement ring.

be grown paralel to the initial notch direction in
the two “metal-rich” 20Ti and 35Ti composites.
Instead, the main crack originating from the notch
grew perpendicular to the initial notch direction in
the intermetallic layers near the notch, as shown in
the optical photographs in Fig. 10. Crack growth
paralel to the initial notch direction could only be
achieved in the 14Ti samples, i.e. the composite
with the minimum metal (or “maximum brittle
intermetallic”) content. Consequently, the typical
R-curve behavior could only be obtained for the
14Ti composite, as shown in Fig. 11. The concave-
up shape of the R-curve, i.e. increasing resistance
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Fig. 9. Plot of specific compressive strength vs. specific modulus of Ti—Al;Ti laminates relative to other engineering materials. The
metals and alloys are indicated by dark filled ellipses while the MIL composites are indicated by the gray colored ellipse. Data plotted

using Cambridge Engineering Selector V3.1 software.

Fig. 10. Arrester orientation R-curve specimens after testing
showing that a single main crack could not be grown in the
initial notch direction in the 20Ti and 35Ti composites.

to crack-growth with increasing crack-length, for
the 14Ti composite indicates the occurrence of
large-scale bridging (LSB) and hence, the R-curve
datafor this composite is geometry dependent [34].
In spite of the lack of R-curve data for the 20Ti
and 35Ti composites and the geometry dependent
R-curve for the 14Ti composite, the initiation
toughness (K) values from the plot in Fig. 11 pro-
vides a useful indicator of the relative fracture
toughness of the composites tested. Thus, the
arrester orientation initiation toughness values for
the 14Ti, 20Ti, and 35Ti specimens are 15
MPavm, 23 MPa/m, and 29 MPavm, respectively.

Figure 12 shows SEM micrographs of samples
tested in the arrester orientation. The micrograph
for the 14Ti sample in Fig. 12(a) shows that there
is one main crack and two smaller cracks, respect-
ively, parallel and perpendicular to the initial notch
direction. The micrograph for the 20Ti sample in
Fig. 12(b) shows that the cracks propagated per-
pendicular to the initial notch direction along the
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Fig. 11. R-curve for the 14Ti laminate and initiation tough-
ness for the 20Ti and 35Ti laminates tested in the arrester orien-
tation.

Al;Ti layers located above the notch, accompanied
by fragmentation and consequent loss of the inter-
metallic. The micrograph for the 35Ti sample in
Fig. 12(c) shows that the cracks propagated per-
pendicular to the initial notch direction in the two
intermetallic layers directly above the notch, in a
manner similar to that in the 20Ti sample shown
in Fig. 12(b). Bending of the 35Ti sample was
accompanied by severe cracking and fragmentation
of the intermetallic above the notch, and the sam-
ple eventually buckled. The micrographs of all the
MIL composites in Fig. 12 show an extensive net-
work of smaller cracks that form before and during
the propagation of the main crack. Based on the
occurrence of smaller cracksin almost al intermet-
alic layers above the notch, the bridging zones for
all three arrester orientation tests are estimated to
be greater than 6 mm. Bridging zones based on the
main cracks originating at the notch are estimated
to be more than 3 mm. While delamination or
debonding of layers has been shown in the litera-
ture to be detrimental to the performance of lami-
nate composites [22], these failure mechanisms
were not observed in any of the samples tested.

141-2 14Ti

’.: Initial"Notch

i Tip

'

Fig. 12. SEM micrographs showing the damage in the speci-
mens tested in the arrester orientation. (a) 14Ti, (b) 20Ti, (c)
35Ti.

The absence of delamination of the Ti and Al;Ti
layers during bend testing is an indication of the
excellent bonding between the layers even though
the fabrication process was performed in open air.

The SEM micrographs in Fig. 13 show the
microstructural details of crack-growth and failure
in a 14Ti sample tested in the arrester orientation.
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Fig. 13. Microstructural features of the 14Ti specimen tested in the arrester orientation. (&) Transition from fractured to bridging
Ti; (b) single shear band connecting cracks in Al;Ti; (c) two cracks and shear bands forming one crack in Al;Ti; (d) Ti layer starting
to fail; (e) fractured Ti layer with microvoid coalescence and plastic deformation (stretching and necking).

In the description that follows, the Ti and AlsTi
layers are assigned numbers (e.g. AlsTi layer (#1)
etc.). These layer numbers do not imply the
location of that particular layer relative to the notch
tip etc., but are solely a means to point out the
location of microstructural features (in the SEM
images) that are being described in the text below.

Figure 13(a) shows the main crack in the Al5Ti
layer (#1) that grows by the fracture of the adjacent
Ti layer (#2). The main crack then branches into
several smaller cracks in the Al;Ti layers (#3 and
#5). These smaller cracks in Al;Ti layers (#3 and
#5) are bridged by the Ti layer (#4) located at the
top of the main crack. It is the bridging of the duc-
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tile Ti layers before fracture, as shown by the Ti
layer (#4), that causes the R-curve behavior shown
in Fig. 11. Figure 13(b) shows a crack in the Al5Ti
layer (#1) that has nucleated a single shear band
in the Ti layer (#2) at position A. This shear band
runs across the Ti layer (#2) at an angle to the
crack that initiated it, and then serves as a
nucleation site (B) for crack growth in the next
Al;Ti layer (#3). Figure 13(c) shows two cracks in
the Al;Ti layer (#1) that form a shear band each
in the adjacent Ti layer (#2). The two shear bands
run across the Ti layer (#2) and converge on the
opposite side of the Ti (#2) and result in the
nucleation of a single crack in the adjacent Al;Ti
layer (#3). Figure 13(b) and (c) show the offset in
the cracking due to the renucleation event at the
opposite end of the angled shear band. Such offset
in cracking enhances the bridging effectiveness
and increases the energy necessary to fracture the
Ti at an angle [4]. Figure 13(d) illustrates the start
of fracture at the lower surface of a Ti layer leading
to its fracture (Fig. 13(e)) by microvoid coalesc-
ence, plastic stretching and necking. Figure 13(e)
also shows complete failure of the two Al;Ti layers
adjoining the fractured Ti layer. Failure of the
Al;Ti layers removes the constraint on the inter-
mediate Ti layer and thus enables the extensive
plastic deformation of the latter [9]. Plastic defor-
mation of such unconstrained Ti layers, as shown
in the micrograph in Fig. 13(e), results in signifi-
cant plastic energy dissipation resulting in a high
value of the initiation fracture toughness.

The SEM micrographs in Fig. 14 show the
microstructural details of crack-growth and failure
in a 20Ti sample tested in the arrester orientation.
Figure 14(a) shows that unlike the 14Ti sample,
the main crack in the 20Ti sample propagated per-
pendicular to theinitial notch direction in the inter-
metallic layer. Figure 14(b) and (c) show extensive
cracking and fragmentation in the Al;Ti layerswith
the bridging Ti layers between the fragmented
Al;Ti layers.

The SEM micrographs in Fig. 15 show the
microstructural details of crack-growth and failure
in a 35Ti sample tested in the arrester orientation.
In a manner similar to the 20Ti sample in Fig.
14(a), Fig. 15(a) shows a branch of the main crack
propagating perpendicular to the initial notch

Initial Notch
Direction

Fig. 14. Microstructura features of the 20Ti sample tested in
the arrester orientation. (a) Details of the main crack in the
Al;Ti to the right of the notch (Fig. 8), (b) bridging by Ti layers
above the notch, and (c) shear bands in Ti and cracking and
fragmentation of Al;Ti.

direction and within the intermetallic layer, to the
left of the notch (See aso Fig. 10). Figure 15(b)
and (c) show the complete fragmentation of the
brittle Al;Ti layers, while the adjoining ductile Ti
layers remain intact, though bent, being no longer
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Fig. 15. Microstructural features of the 35Ti sample tested in the arrester orientation. (a) Details of the main crack in the Al;Ti to
the left of the notch (Fig. 8); (b) and (c) bending of the Ti layers and cracking and fragmentation of the Al;Ti; (d) shear bands

developing in the Ti.

constrained by the adjoining fragmented Al;Ti lay-
ers. Figure 15(d) shows extensive shear banding
with the shear bands nucleating at the crack tips.

As Fig. 11 shows, the 20Ti and 35Ti samples
did not show the R-curve behavior in the arrester
orientation since a single crack could not be grown
aong the initial notch direction. The geometry of
the 20Ti and 35Ti samples was varied in terms of
the sample size and the initial crack length in an
effort to force the crack-growth aong the initial
notch direction and obtain the R-curve behavior.
However, the crack-growth aways occurred per-
pendicular to the initial notch direction. This
inability to grow a single crack along the initial
notch direction in the arrester orientation for 20Ti
and 35Ti samples is an indication of the high
toughness of the MIL composites. While toughen-
ing due to the laminate geometry is known in the
literature (Table 1), the Ti-AlsTi laminate system

is unique owing to its ssimplicity of fabrication and
to the lower net density relative to other
metal/metal—aluminide systems.

3.3. Resistance-curves in the divider orientation

Unlike the arrester orientation, R-curves could
be obtained for al the samples tested in the divider
orientation and are plotted in Fig. 16. The initiation
toughness was found to increase with increasing Ti
volume fraction in the MIL composites and was 7,
42, and 62 MPa/m for 14Ti, 20Ti, 35Ti samples,
respectively. Figure 16 shows that the R-curves for
the 20Ti and 35Ti samples reach a steady state
toughness value of ~80 and ~115 MPavm, respect-
ively, while the R-curve for the 14Ti sample con-
tinues to increase. This apparent increase in tough-
ness with increasing crack length in the 14Ti
samples is attributed to the crack redirection and a
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Fig. 16. R-curves for the 14Ti, 20Ti and 35Ti composites
tested in the divider orientation.

small degree of secondary cracking along the
initial notch direction as shown in Fig. 17(a). Fig-
ure 17(b) and (c) show that the incidence of sec-
ondary cracking along the initial notch direction
increases with increasing Ti content of the com-
posite. SEM micrographs of the fracture surfaces
of the samples tested in the divider orientation are
shown in Fig. 18. The micrographsin Fig. 18 show
the similarity of the fracture mechanism, irrespec-
tive of the testing orientation, in the compositions
tested. The failure of Ti layers occurred by
microvoid coalescence, while the Al;Ti layers
exhibit flat brittle fracture. The micrographs aso
show that the incidence of intermetallic cracking
and damage increases with increasing Ti volume
fraction.

3.4. Toughness calculation

Although large-scale bridging (LSB) conditions
apply to the samples tested here, the steady-state
toughness (Kss) under small-scale bridging (SSB)
can be estimated using the energy method [9].
Using the relation (4):

(a)

B Initial notch direction
& crack growth

91§

Fig. 17. Cracking in the specimens tested in the divider orien-
tation. (a) 14Ti, (b) 20Ti, and (c) 35Ti. The initial notch and
the crack growth directions are along the horizontal axis, as
shown on the images.
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Fig. 18. Crack surface micrographs of divider orientation R-curve specimens. (a and b) 14Ti at low and high magnification, (c and
d) 20Ti at low and high magnification, (e and f) 35Ti at low and high magnification. Crack growth direction is top to bottom in all

the micrographs.

The initiation toughness, Ko, is obtained from the
bending experiments and the modulus, E, was
determined from ultrasonic measurements. Pre-
liminary results [36] show that o, the quasi-static
yield stress of Ti constrained between the brittle
intermetallic layers, is similar to the quasi-static
yield stress of unconstrained Ti. This similarity in

the constrained and the unconstrained flow stress
of Ti can be attributed to the extensive cracking in
the Al;Ti layers adjoining the Ti layers, as seen
in Figs 12, 14, 15 and 17. Figure 19 shows that
unconstrained Ti yields at ~650 MPa and has a
UTS of ~850 MPa. Thus, an average value of 750
MPa was used for o for all the samples. Table 3
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Fig. 19. Quasi-static tensile stress-strain curves of uncon-
strained Ti—3-2.5 at a strain rate of 10~ %/s.

lists the parameters used for calculating the steady-
state toughness of the laminate and compares the
calculated values with the observed values of the
steady-state toughness.

In the divider orientation, the 20Ti predicted Ksg
value is 91 MPaVm, which is slightly greater than
the experimental value of ~80 MPa/m. The pre-
dicted value of Kgg for the 35Ti sample is 105
MPav/m, somewhat lower than the experimental
value of ~115 MPa/m. Both the 20Ti and 35Ti
specimens appear to approach steady-state tough-
ness values at the end of the test. In the 14Ti div-

Table 3
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ider sample, the crack redirection occurred at a
toughness of ~75 MPa/m, very close to the pre-
dicted steady-state toughness of 76 MPavm.

3.5. Property maps

Figure 20 plots the specific fracture toughness
vs. the specific modulus of the composites listed
in Table 1 as well as various other engineering
materials. The laminates listed in Table 1 are ident-
ified as the light gray region in Fig. 20. It can be
seen that the Ti—Al;Ti laminate composites have
higher specific toughness than other laminate sys-
tems and the Ti-Al;Ti specific modulus is sur-
passed only by the metal-Al,O; system. Relative
to the best candidate (y-TiAl/TiNb) amongst the
laminates in Table 1, MIL composites have a
higher specific fracture toughness and a higher spe-
cific modulus for the same volume fraction of the
ductile phase. Further, relative to the various
metal-Al,O5 systems, the MIL composites have a
higher specific fracture toughness for the same vol-
ume fraction of the ductile phase. While stress—
strain data of other laminate systems (Table 1) are
not available for comparison, Figs 3 and 5 show
that the compressive strength of Ti—Al;Ti exceeds
1 GPa (depending upon the strain rate and the test-
ing orientation). Thus, owing to the ease of fabri-
cation of Ti—Al;Ti laminates, low fabrication costs,
and their attractive mechanical properties (Figs 3,
5, 7, and 20), the Ti-Al;Ti laminate system is an
excellent candidate for engineering applications

Resistance-curve initiation toughness (K,) and calculated and experimental steady-state toughness

Sample Young's Constrained yield 2r (um) Ko Metal volume Calculated Experimental steady
modulus E stress, oc(MPa) (MPa/m)  fraction f steady state state fracture
(GPa) fracture toughness Ksg
toughness Kss  (MPavm)
(MPaym)
14Ti Arrester 200 750 540 15 0.14 77 -
14Ti Divider 200 750 540 7 0.14 76 -
20Ti Arrester 195 750 440 23 0.20 83 -
20Ti Divider 195 750 440 42 0.20 91 80
35Ti Arrester 180 750 300 29 0.35 89 -
35Ti Divider 180 750 300 62 0.35 105 115
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Fig. 20. Property map of Ti—Al;Ti laminates (dark gray colored) and other laminate systems (identified by (L) and colored in light
gray), metals, alloys and composites, showing specific fracture toughness as a function of specific Young's modulus. Data plotted

using Cambridge Engineering Selector V3.1 software.

requiring a combination of low density, high
strength, high toughness and high stiffness.

4. Summary and conclusions

The fracture and R-curve behavior of Ti-Al;Ti
MIL composites, produced by a one-step process,
was investigated using three volume fractions of
Ti—14, 20, and 35 percent. The compressive
strength, fracture toughness and modulus of the
Ti—Al;Ti composites was compared to other duc-
tile—brittle laminate systems in the literature. The
main conclusions are:

1. In the arrester orientation, complete R-curves
could only be constructed for the 14Ti volume
fraction samples and not for the 20Ti and 35Ti
samples since a single, dominant crack could
not be grown along the initial notch direction in
the latter two compositions. Instead, the crack
in the 20Ti and 35Ti samples propagated per-
pendicular to the initial notch direction, several
layers above the initial notch.

2. The initiation toughness in the arrester con-

figuration increases with increasing Ti volume
fraction; the values being 7, 23 and 29 MPa/m
for 14Ti, 20Ti, and 35Ti, respectively.

. The R-curve for 14Ti sample in arrester con-

figuration is concave upward indicating the
occurrence of geometry dependent large-scale
bridging. The bridging zone was estimated to
be 3 mm or 6 mm, based on the main cracks
originating at the notch or the occurrence of
cracks in al the intermetallic layers, respect-
ively.

. In the arrester orientation, shear bands are for-

med by cracks blunted in the Ti layer, and serve
as nucleation sites for further crack growth in
the Al;Ti layer on the opposite side. The frac-
ture of Ti layers occurred by plastic deformation
and necking.

. Inthe divider orientation, it was possible to con-

struct R-curves for al volume fractions. The
initiation toughness increased with volume frac-
tion from 7 to 42 to 62 MPa/m for 14Ti, 20Ti,
and 35Ti. The 20Ti and 35Ti samples reached
steady state toughness values of 80 and 115
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MPavm, respectively, that correlated well with
the predicted steady-state toughness values of
91 MPavm and 105 MPaVm, respectively.

6. In the volume fractions tested in the divider
orientation, the Ti fractured by microvoid
coalescence and the intermetallic by brittle frac-
ture. Toughening of the composites occurs by
crack deflection, crack bridging (resulting in R-
curve behavior), stress redistribution, and crack
front convolution.

7. The Ti-Al;Ti laminate system offers an excel-
lent combination of specific strength, toughness
and stiffness for structural applications.
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