FINAL Progress Report Contract Number DAAD19-00-1-0511

Form Approved

REPORT DOCUMENTATION PAGE OMB NO. 0704-0188

Public Reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comment regarding this burden estimates or any other aspect of this
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for information Operations and Reports, 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188,) Washington, DC 20503.

1. AGENCY USE ONLY ( Leave Blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
March 2005 Final Report April 1 2002-Sept. 30 2004

4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

Synthetic Multi-functional materials for Structural + Ballistic and blast Protection DAAD19-00-1-0511

6. AUTHOR(S)
Professor Kenneth S. Vecchio

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
The Regents of the University of California, Office of Contracts and Grants REPORT NUMBER
Department of Mechanical and Aerospace engineering
9500 Gilman Drive
LaJolla, CA 92093-0411

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING
AGENCY REPORT NUMBER
U. S. Army Research Office 41597.1-MS

P.O. Box 12211
Research Triangle Park, NC 27709-2211

11. SUPPLEMENTARY NOTES
The views, opinions and/or findings contained in this report are those of the author(s) and should not be construed as an official
Department of the Army position, policy or decision, unless so designated by other documentation.

12 a. DISTRIBUTION / AVAILABILITY STATEMENT 12 b. DISTRIBUTION CODE

Approved for public release; distribution unlimited.

13. ABSTRACT (Maximum 200 words)

This program was part of the DARPA program on Synthetic Multi-Functional Materials focused on structural plus
ballistic and blast protection. During the first period of this program we have been focusing on developing both intrinsic
and embedded functionality into a class of metal-intermetallic laminate (MIL) composites based on the Ti-Al system.
These layered composites were initially developed as part of an Army MURI program at the University of CA, San Diego
as a lightweight armor material. These MIL composites offer a unique combination of excellent specific mechanical
properties such as high strength, high hardness, and high fracture toughness, with the ability to be formed into complex
shaped penetration resistance structural materials. The addition of sensing, control, enhanced vibration damping, self-
healing and possibly power generation could make these materials a valuable part of future defense systems.

14. SUBJECT TERMS 15. NUMBER OF PAGES

16. PRICE CODE

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OR REPORT ON THIS PAGE OF ABSTRACT
UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED UL
NSN 7540-01-280-5500 Standard Form 298 (Rev.2-89)
Prescribed by ANSI Std. 239-18
298-102




FINAL Progress Report Contract Number DAAD19-00-1-0511

TABLE OF CONTENT PAGE
Memorandum of Transmittal 1
Standard Form 298 2
Table of Content 3
List of Figures 4
List of Tables 10
Statement of Problem Studied 11
Summary of Most Important Results 11
Listing of Publications 12
Listing of Technical Reports 13
List of Participants Earning Degrees 14
Report of Inventions 14
Introduction to Final Report 15

SECTION 1: Overview of synthetic Multi-functional metallic-intermetallic
laminate composites 16

References to Section 1 32
SECTION 2: Effects of Ductile Laminate Thickness, Volume Fraction and Orientation

on Fatigue-Crack Propagation in Ti-Al;Ti Metal-Intermetallic

Laminate (MIL) Composites 34

References to Section 2 63

SECTION 3: Fracture of Ti-Al;Ti Metal-Intermetallic Laminate (MIL)

Composites: Effects of Lamination on R-curve Behavior 69
References to Section 3 107
SECTION 4: Embedded Piezoelectric Sensors in MIL Composites 115

References to Section 4 128



FINAL Progress Report Contract Number DAAD19-00-1-0511

LIST OF FIGURES

Figure 1-1.

Figure 1-2.

Figure 1-3.

Figure 1-4.

Figure 1-5.

Figure 1-6.

Figure 1-7.

Figure 1-8.

Figure 1-9.

Figure 1-10.

(a) SEM micrograph of fracture surface of an abalone shell showing the
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air operation.

Microstructures typical of Ti-Al3Ti MIL composites.

Materials property map comparing specific compressive strength versus specific
material stiffness.

() Quasi-Static Three-point bend Samples for Fracture Toughness
Measurements, and (b) fatigue crack growth curves for various MIL composites.

Specific Fracture Toughness versus Specific Modulus Property map for an array
of structural materials. Plot includes MIL (Ti-AlsTi) composites (dark gray
colored) and other laminate systems (identified by (L) and colored in light gray),
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X-ray fluoroscope images through-thickness of cavities created within the
intermetallic layer of a Ti-AlsTi MIL composite. The grey circular regions are
approx. 13 cm in diameter.

X-ray fluoroscope image through-thickness of a large (10 cm diameter) cavity
filled with steel beads created within the intermetallic layer of a Ti-AlsTi MIL
composite.
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Schematic diagrams of MIL composites containing embedded tubes within the
intermetallic layers, (a) initial microstructure, and (b) microstructure with
collapsed tubes following blast.

Micrograph of a Ti-AlsTi MIL composite containing a ceramic tube filled with 2
metal wires.

Micrograph showing an example of a through-thickness Ti wire embedded in a
Ti-Al MIL composite plate.

X-ray fluoroscope image through-thickness of cavities, interconnected by ceramic
insulators containing wires created within the intermetallic layer of a Ti-AlsTi
MIL composite.

(a) An illustration of a MIL composite having an embedded piezoelectric sensor
within its structure, and (b) Photo of embedded piezoelectric sensors prior to
reaction.

Voltage signals recorded simultaneously from four piezoelectric sensors
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Schematic diagram of metal-intermetallic laminate (MIL) composite fabrication
apparatus.

Schematic diagrams of (a) Arrester and (b) Divider Orientation in laminate
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Scanning electron micrographs of MIL composites fabricated (through-thickness
section). (a) 18Ti-D (b) 24Ti-D (c) 33Ti-D (d) 40Ti-D.

Microstructure of AlsTi (secondary electron SEM image) and Ti (optical
microscopy) in MIL composite: (a) 21Ti-D (2.6 wm AlsTi) (b) 33Ti-D (3.5 wm
Al3Ti)

Macrographs for MIL composites: (a) SE(B) specimens in crack-arrester
orientation, (b) CT specimen in crack divider orientation (layers in plate of plate)
and (c) SE(B) specimen in crack-divider orientation.

Fatigue-crack growth behavior in monolithic Ti-6Al-4V. Fracture toughness of
brittle AlsTi is also indicated.

Fatigue-crack growth rates in crack-divider (CT specimen) Ti-AlsTi laminates as
a function of (a) AK, stress-intensity factor range at R = 0.1 and (b) AK, at
constant Knax =9 MPavmand R=0.1-0.7.

Fatigue crack growth rate curves for MIL composites in divider orientation. The
crack growth rates lie between the two curves for MIL composites whose
composition varies between ~18 — 40% Ti by volume.
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Effect of ductile layer volume fraction on fatigue crack growth rate of MIL
composites.

Effect of layer thickness (at constant ductile volume fraction) on fatigue crack
growth rate of MIL composites.

Effect of ductile reinforcement layer makeup on crack growth rate in MIL
composite. Constant Kyax test control was performed to obtain lower crack
growth data.

Fatigue crack growth rate curves for MIL composites in arrester orientation.

Effect of ductile layer volume fraction on fatigue crack growth rate of MIL
composites.

Effect of layer thickness (at constant ductile volume fraction) on fatigue crack
growth rate of MIL composites.

Effect of ductile reinforcement layer makeup on crack growth rate in MIL
composite. Constant Kyax test control was performed to obtain lower crack
growth data.

Schematic diagram illustrating crack morphology variation due to orientation
effects in laminate composites.

SE images of fatigue-fracture surfaces in MIL composite 20Ti-D. (a) Micrograph
showing failure of ductile/brittle layers. (b) Both inter- and intra-granular fracture
of Al3Ti, (c) Fatigue striations in Ti layer. (d-e) Ductile-brittle interfaces. Notice
the absence of near interfacial cracking. Crack growth is from bottom to top
during a | AK test (AK < 10 MPavm).

SE images of fatigue-fracture surfaces in MIL composite 33Ti-D. (a) micrograph
showing evidence of interfacial crack near the ductile-brittle interface. (b) Fatigue
striations in Ti layer. Notice substantial secondary cracking. Crack growth is from
bottom to top in TAK test (AK > 20 MPavm). (c) Notice the change in fatigue
surface from a flat fracture to a slant fracture in a constant Kmax (= 10 MPavm)
test.

Crack path morphology in 18Ti-A laminate in a decreasing AK test. (a) Crack
profile in a decreasing AK fatigue test, (b) multiple cracking and crack path
meandering. The scale bar is 100 um for all micrographs in (b). Solid arrows in
(a) indicate crack tip positions. Dotted arrows in (b) indicate the local,
microscopic crack growth directions.

Crack path morphology in 18Ti-A laminate in (a) Constant Kmax test. At high
Kmax values, cracks renucleate in AlsTi layer ahead of intact ductile layers, thus
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leading to crack bridging and concomitant toughening. (b) Increasing AK test.
Notice multiple non-collinear cracking of intermetallic layers at high AK levels.

Fatigue fracture surfaces in 22Ti-A composite. (a) Fatigue fracture surfaces at low
AK levels. Notice slant fracture of Ti layer due to non-coplanar cracks in adjacent
intermetallic layers, (b) predominantly intra-granular fracture of AlsTi.

Non-coplanar cracks formed in the adjacent intermetallic layers lead to shear band
deformation and slat fracture of Ti layers.

Fatigue crack growth rates in MIL composites compared with crack growth data
in various ceramics, high strength structural alloys [17, 73-75].

Specific fatigue crack growth rates (da/dN - AK/p) in MIL composites compared
with crack growth data in various ceramics, high strength structural alloys.

Schematic diagram of metal-intermetallic laminate (MIL) composite fabrication
apparatus.

Schematic diagram of Crack-Divider Orientation in the MIL composite in the
SE(B) geometry.

Crack propagation gage set up for measuring crack length in a SE(B) specimen
during R-curve testing.

(a) Schematic illustration of the strain gages used in fracture tests. (b) Schematic
drawing of Strain gage amplifier, 1/4 bridge circuit for measuring the crack length
on one face of the bend specimen. (c) Data recorded from the crack propagation
gage during crack growth in a MIL composite. Note the step output from the CP
gage where each step represents change in voltage due to a single broken resistive
wire (only a portion of the actual output is shown here).

Scanning electron micrographs of MIL composites (through-thickness section).
(a) 18Ti (b) 24Ti (c) 33Ti (d) 40Ti. The scale bar is 1mm in all the micrographs.

Microstructure of AlsTi (secondary electron SEM image) and Ti (optical
micrographs) in MIL composite: (a) 21Ti (2.6 um Al3Ti) (b) 33Ti (3.5 um Al3Ti).

R-curve behavior in monolithic Ti-6Al-4V. The fracture toughness of AlsTi is
shown as a dotted horizontal line at ~ 2 MPavm.

R-curves for divider laminates. (a) Kr-Aacop, crack length was monitored using
COD gages. (b) Kr-a/w, crack length was monitored using CP gages.

Optical micrographs of crack fronts in a laminate composite during R-curve
testing (crack plane growth is horizontal and into the plane of the page). (a) The
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Figure 3-10.

Figure 3-11.

Figure 3-12.

Figure 3-13.

Figure 3-14.

Figure 3-15.

Figure 3-16.

crack front shown here is nearly 2 mm ahead of the crack tip in the Ti layer
(measured by the CP gage), suggesting tunneling of the cracks into the brittle
Al3Ti layer. The cross-section also shows extensive non-coplanar cracking and
hence a dominant or single crack front is difficult to define. (b) The crack front at
nearly 3 mm ahead of the apparent crack tip. The arrows indicate cracks that have
tunneled through the brittle layer; only a few are identified. The images refer to
the cross-section BB' in Figure 3-11. Similar sectioning of the sample further
ahead of the crack tip revealed almost no cracking of the intermetallic phase.

SEM images of fracture surface in the 33Ti laminate. (a) Fracture surfaces of Ti
and AlsTi layers. (b) Ti-AlsTi interface. Observe the near interfacial cracking in
the brittle phase. (c) The dotted curve separates the fatigue pre-cracked region
from the monotonic fracture surface. A change from flat, transgranular crack
growth to a more ductile dimpled failure can be observed in Ti layer. (d)
predominantly mixed-mode intra-granular and intergranular fracture of AlsTi.

Schematic diagram illustrating crack morphology variation due to orientation
effects in laminate composites: (a) crack arrester orientation (b) crack divider
orientation. Planes AA! and BB! indicate cross sections of the laminate composite
near the crack tip (see Figure 3-9 and Figure 3-20). The arrows between the
planes indicate bridging tractions over the length b.

R-curve behavior under SSB and LSB conditions. (a) crack growth prior to
reaching steady state bridging length. (b) crack growth and bridging ligaments
after the attainment of steady state bridging length. (c) R-curve calculated under
LSB conditions. (d) R-curve calculated under SSB conditions. Notice the
saturation of R-curve under SSB to a steady state value, Kss, compared to
monotonically increasing function under LSB. Ky is the crack initiation
toughness.

Plots showing the LSB R-curve predictions (for a finite crack). The Ti volume
fraction varied between 18% - 40%, indicated on the plots. The bridging length
values used for the fit are given in Table 3-2. R-curve data for monolithic Ti-6-4
is also included in each plot for comparison.

Plots showing the R-curve predictions under SSB conditions. The Ti volume
fraction varied between 18% - 40%, indicated on the plots. The bridging length
and specimen width values used for the fit are given in Table 3-2.

The toughness values calculated from Equation 17 and 18 compared with those
obtained from experiments (Kcop and Kcp) as a function of ductile phase volume
fraction.

Plots showing the effects of LSB on the R-curve behavior. The SSB R-curve is
also drawn for comparison.
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Figure 3-17.

Figure 3-18.

Figure 3-19.

Figure 3-20.

Figure 3-21.

Figure 3-22.

Figure 4-1:

Figure 4-2:

Figure 4-3:

Figure 4-4:

Figure 4-5:

(a) R-curves measured for specimen that were not fatigue pre-cracked. Compare
these with the R-curves measured from specimens that were fatigue pre-cracked
prior to fracture testing (b).

Optical micrographs of crack fronts in a laminate composite during cyclic fatigue
testing (crack plane growth is horizontal and into the plane of the page). (a) The
crack front at an approximate crack tip in Ti layer. (b) The crack front shown here
is nearly 0.4 mm ahead of the crack tip in the Ti layer (measured by the CP gage),
suggesting tunneling of the cracks into the brittle AlsTi layer (corresponding to
the cross-section AA! in Figure 3-11) . The cross-section also indicates the
existence of a few non-coplanar cracks. The cracks in Al;Ti tunneled only ~0.6
mm ahead of the crack front in Ti layer during cyclic loading. The arrows indicate
cracks that have tunneled through the brittle layer, only a few are identified.

Fatigue crack growth rates in crack divider orientation MIL composites. Notice
that the fatigue thresholds for the above composites lie between 3.8 — 4.7 MPavm

[84].

Specific Fracture Toughness versus Specific Modulus Property map for an array
of structural materials. Plot includes MIL (Ti-AlsTi) composites (dark gray
colored) and other laminate systems (identified by (L) and colored in light gray),
metals, alloys and composites [26].

The non-dimensional factor Y (a/w, b/a) (see Equation 11) for single edge crack in
a finite width specimen, with uniform tractions in the wake of crack tip. For better
clarity, Equation 11 is plotted above in two figures for different a/w ratios.

The non-dimensional factor Y(b/a) (see Equation 16) for single edge crack in a
semi-infinite specimen, with uniform tractions in the wake of the crack tip.

A SEM image of typical TI-AlsTi metallic-intermetallic laminate (MIL)
composite. The dark layers are Al;Ti while the bright layers are titanium.

A schematic of the sensor layout in the MIL composite.

(a) A detailed schematic of the cross-section of sensor position within the cavity.
(b) A top-view of the sensor within the cavity showing the titanium ring lining the
cavity, the lead wires and the protective steel and alumina tubes.

A photograph of the finished MIL composite sample with sensors embedded at
locations marked with a circle. The electrical leads of each of the sensors, coming
out of their respective protective tubes, can be seen.

(a) A schematic of the setup to check the output response of a piezoelectric sensor
in the as-received condition and after exposing it to high temperature. (b)
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Response of the piezoelectric sensor before and after exposure to high
temperature.

Figure 4-6.  Results of the determining impact location on the MIL plate via the triangulation
scheme.

Figure 4-7.  The 3rd mode shape of a completely free square plate: (a) FEM calculation, (b)
numerical approximation based on FEM results, and (c) least squares
approximation.

Figure 4-8.  Frequency response functions of the MIL plate at Mode 3. The damping factor, T,
is listed for each the experimental conditions; without any damping, with resistive
shunt and with resonant shunt damping.
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Statement of Problem Studied

The problem studied was the development of multi-functional versions of metallic-intermetallic
laminate composites that possessed attractive structural and ballistic performance, while also
incorporating functions such as impact detection, impact location determination, vibration

damping, damage detection, etc.

Summary of the Most Important Results

We successfully developed methods and technologies for incorporating a large number of
different embedded functionalities into these metallic-intermetallic laminate composites, while
optimizing the large scale production methods for these laminates, and finding approaches to
enhance the ballistic resistance of these materials.
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INTRODUCTION TO FINAL REPORT

This report summaries and details the research conducted at UC San Diego, under the direction
of Professor Kenneth S. Vecchio, on Metallic-Intermetallic Lamiante (MIL) Composites, funded
under the DARPA program entitled “Synthetic Multi-Functional Materials”. This research was
focused on three main aspects of these novel laminate composites: (1) Structural properties of
MIL Composites (primarily strength, stiffness, fracture toughness, and fatigue behavior), (2)
Embedded functionalities to enhance the utility of these materials for high performance
application of interest to the DoD, and (3) Embedded sensors for active evaluation of impact
locations and impact magnitude.

This report is divided into several different sections to address each of these areas of focus.
Section 1lis an overview of many of the attractive properties of MIL composites as well as
various embedded features we developed in these MIL composites that have been investigated in
this research program. Section 2 is an in-depth discussion of the fatigue behavior of these MIL
composites with emphasis on relationships between volume fractions of the metal and
intermetallic layers, thickness of the layers, and the orientation of the layers with respect to the
crack plane and the fracture resistance of the composites. Comparison of the fatigue resistance
of the MIL composites with respect to other typical engineering materials is also included.
Section 3 of the report addresses the measurement of fracture toughness in these MIL
composites, again with emphasis on relationships between volume fractions of the metal and
intermetallic layers, thickness of the layers, and the orientation of the layers with respect to the
crack plane and the fracture resistance of the composites. Due to the metal layers bridging the
crack opening regions leading to enhanced fracture resistance, a detailed analysis of small-scale
and large-scale bridging effects is presented to allow proper assessment of the apparent fracture
toughness of these materials. Lastly, Section 4 presents a summary of our work on embedded
sensors in these MIL composites. This section discusses the methods for embedding the sensors,
and techniques for measuring the response from the sensors for impact location determination as

well as impact magnitude assessment.
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SECTION 1: OVERVIEW OF SYNTHETIC MULTI-FUNCTIONAL METALLIC-
INTERMETALLIC LAMIANTE COMPOSITES

INTRODUCTION

The field of material microstructural design to achieve a set of targeted mechanical + functional
properties has become a mainstay of new material development strategies. Structural materials,
which by their very nature are intended to carry mechanical loads in service, can be designed to
provide additional performance enhancing functions through tailoring of meso-, micro-, or nano-
structures. Structural materials with these performance-enhancing capabilities have been termed
“Synthetic Multi-functional Materials” [1]. Structural composites, by their multi-phase nature,
offer many opportunities for the design of performance enhancing multi-functional materials.
Recently, a new class of structural materials has been developed at the University of CA, San
Diego, termed 'Metallic-Intermetallic Laminate (MIL) Composites [2]. The goal of this
materials development effort was to extrapolate upon the positive engineering properties
exhibited by hierarchical multiphase complex natural composites such as shells [3,4], to design
and synthesize multi-functional composites tailored to optimize specific structural properties,

while facilitating low cost, designable and functional microstructures.

Biological systems often exhibit a wide array of multi-functional materials, and offer great
biomimetic motivation to develop synthetic multi-functional materials. For example, mollusk
shells are known to possess hierarchical structures highly optimized for toughness. The two
mollusks that have been studied most extensively are Haliotis rufescens (abalone) and Pinctata
(conch) shells. Considering the weak constituents the shells are made from — namely calcium
carbonate (CaCQOg3) and a series of organic binders, the mechanical properties of these shells are
outstanding. Their tensile strength varies between 100 and 300 MPa, and fracture toughness
between 3 and 7 MPa-m*2. CaCOjs has corresponding strength and toughness values of 30 MPa
and < 1 MPa-m"2, respectively [5-9]. These mollusks owe their extraordinary mechanical
properties to a hierarchically organized structure starting with single crystals of CaCOs, with
dimensions of 4~5 nm (nanostructure), and proceeding with “bricks“ with dimensions of
0.5~10um (microstructure, see Figure 1-1a), and finishing with layers of ~0.2-0.5 mm

(mesostructure, see Figure 1b).
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By building on the laminate microstructure design found in shells, metallic-intermetallic (Ti-
Al3Ti) laminate (MIL) composites have been produced to mimic these structures from elemental
titanium and aluminum foils by a novel one-step process utilizing a controlled reaction at
elevated temperature and pressure [2]. The novelty of this fabrication process lies in the fact that
it is performed in open air and produces a fully dense laminate composite. Figure 1-2 shows an
illustration of the processing setup for fabrication of the MIL composites using a simple open-air
heated platen press. The thickness of the original titanium and aluminum foils is chosen to
ensure that the entire aluminum layer is consumed upon reaction with the adjacent titanium
layers. Such a layering scheme results in a composite with alternate layers of AlsTi (to mimic
the hard CaCQOg layers in shells) and residual Ti (to mimic the tough protein layers in shells), 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
individually, or in combination, within the same composite, to produce their
respectivmetal/metal-aluminide combinations. 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. The MIL composites produced by this method are not
hierarchical structures in the manner that natural shells are, but are rather 2-D laminate
structures, in which the scale of the layering can be controlled, tailored, sub-divided, and
compositionally altered to achieve a set of desired properties and functions.

(a) i )

Figure 1-1. (a) SEM micrograph of fracture surface of an abalone shell showing the individual
hexagonal aragonite tiles comprising the microstructure. (b) Optical micrograph of
the mesoscale laminate structure of the abalone shell in a bend fracture sample
showing the crack deflection achieved in this multi-layered material.
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The composition, physical, and mechanical properties of the MIL composites can be varied and
tailored within the thickness of the composite by simply varying the individual foil compositions,
thickness, and layering sequence. The fabrication of metallic-intermetallic laminate (MIL)
composites using this approach has several key advantages that make it ideally suited for the
production of commercially-scalable structural materials, as well as microstructures designed for

specific functionalities.

1. Since the initial materials utilized are in the form of commercially available metallic foils,
the initial material cost is reasonably low, compared to many of the exotic material
processing routes that are commonly pursued in small-scale research environments. This
also means that a wide array of compositions can be ready produced, although for this paper
we will focus on the Ti-Al system because of their high specific properties.

2. The use of initially ductile metallic foils enables the layers to be formed into complex shapes.
This opens the door for non-planar structures, such as rods, tubes, shafts, and cones, as well
as simple machining of individual foils for complex, 3-dimensional structures, and near-net
shape forming of parts. The use of initial metallic foils also allows the individual foils to be
machined to contain cavities and pathways facilitating the incorporation of embedded

functionalities, such as passive damping [5] or sensors, prior to processing.

3. The processing conditions, in terms of temperature, pressure and atmosphere are very
modest. Processing temperatures, in the case of Al-foil containing samples are below 700°C,
and the processing pressures are below 4 MPa [2]. Perhaps the most remarkable feature of
the processing of these metallic-intermetallic laminate composites is that the processing is
carried out in open air, no special inert gas or vacuum chamber facilities are necessary. The
combination of these various processing features makes the processing method itself very

low cost, allows for complex shape fabrication and is easily amenable to computer control.

4. The microstructure of the metallic-intermetallic laminate composites is determined by the
foil thickness and composition and the processing condition. Since the material make-up is
based on the selection of the metal foils, it is possible to completely tailor the microstructure
from one surface to the other. In addition, the physical and mechanical properties of the
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MIL composites can be tailored by selection of the foil composition and thickness making
the MIL composite material system ideally suited for engineering the microstructure to

achieve the specific performance goals.
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Figure 1-2.  Illustration of metallic-intermetallic laminate composite heated platen press
apparatus for fabrication of planar laminates. Complex platen designs can be used
to fabricate 3-D, near net-shape MIL composites in the same one-step, open-air
operation.

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 AlsTi 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 TisAl and TiAl [10]. The high compressive
strength and stiffness of Al3Ti (and intermetallics, in general) result 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
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slip or twinning systems, and/or very low surface energy resulting in little to no plastic
deformation at crack tips. For example, AlsTi is extremely brittle at room temperature and has a
very low fracture toughness of ~2 MPavm [11].

The unique properties of MIL composites arise from the combination of the high hardness and
stiffness of the intermetallic-aluminide phase alternatively layered with the high strength,
toughness, and ductility of metal alloys. Figure 1-3 shows two examples of the microstructure of
Ti-AlsTi MIL composites with significantly different layer thickness.

Figure 1-3. Microstructures typical of Ti-AlsTi MIL composites.

STRUCTURAL PERFORMANCE ATTRIBUTES

In the case of Ti-AlsTi MIL composites, the specific stiffness (modulus/density) is nearly twice
that of steel, the specific toughness and specific strength are similar or better than nearly all
metallic alloys, and specific hardness is on par with many ceramic materials. An interesting
comparison of material properties for the MIL Composites can be obtained using a material
property map. Figure 1-4 shows a plot having as the x-axis the specific modulus of a material on
a log scale and the y-axis the specific compressive strength on a log scale. In this plot numerous
material locations are shown, and in terms of optimizing these properties (combined compressive
strength and stiffness), the upper right-hand corner represents the goal. The location of the MIL
composites (red ellipse) is shown to the right (higher specific modulus) of the typical structural
metals such as steels, Ti alloys, Ni-superalloys, Al-alloys, and Ti-based intermetallics. The only
metallic materials of higher specific stiffness are the beryllium alloys. Several ceramic materials
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are shown, which have higher specific stiffness than the MIL composites, including SiC, B4C,
Al;03, and diamonds. Clearly, the MIL composites possess tremendous potential for structural
applications, particularly for demanding high specific stiffness applications.

The good fracture toughness of the MIL composites is derived from the combination of the
highly anisotropic layered structure of the material and the need for crack re-initiation at each
successive metal layer. Figure 1-5a shows an example the fracture behavior of three different
volume fraction Ti-AlsTi MIL composites. In samples with as little as 20% remnant Ti, the
crack cannot propagate through the samples without being diverted and bifurcated at each Ti
metal layer. Figure 1-5b shows a plot of the fatigue crack growth curves for Ti-Al;Ti MIL
composites having different volume fractions of intermetallic phase. The crack growth curves
for these MIL composites very closely overlap similar data for monolithic Ti alloys such as Ti-6-
4. Since the MIL composites have higher stiffness and lower density that the monolithic Ti
alloys, with similar crack growth resistance, enhanced performance can be obtained for
demanding aerospace applications.
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Figure 1-4.  Materials property map comparing specific compressive strength versus specific
material stiffness.
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Figure 1-6 plots the specific fracture toughness vs. the specific modulus of various engineering
materials, including the MIL composites (shown by the dark grey ellipse). Several other
laminates are identified as light gray region in Figure 1-6. It can be seen that the Ti/Al;Ti
laminate composites have higher specific toughness than other laminate systems and the Ti/Al;Ti
specific modulus is surpassed only by the metal/Al,O3 system. Relative to y-TiAl/TiNb, MIL
composites have higher specific fracture toughness and a higher specific modulus for the same
volume fraction of the ductile phase. Further, relative to the various metal/Al,O3; systems, the
MIL composites have higher specific fracture toughness for the same volume fraction of the
ductile phase. Thus, owing to the ease of fabrication of Ti/Al;Ti laminates, low fabrication
costs, and their attractive mechanical properties, MIL (Ti/AlsTi) composites are an excellent
candidate for engineering applications requiring a combination of low density, high strength,

high toughness and high stiffness.
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Figure 1-5. (a) Quasi-Static Three-point bend Samples for Fracture Toughness Measurements,
and (b) fatigue crack growth curves for various MIL composites.
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STRUCTURAL PLUS BALLISTIC ATTRIBUTES

The above discussion on the specific physical and mechanical properties of the MIL composites
makes them an attractive material for structural applications. However, the ballistic performance
of these materials is also quite impressive, when compared on the basis of areal density for a
given threat, against other structural materials. Figure 1-7 shows a photograph of a cross-section
through the impact location from a ballistic test on a MIL composite. The sample is a 20% Ti-6-
4 and 80% AlsTi laminate with an initial thickness of approximately 2 cm. This composition
produces a sample with a density of 3.5 g/cm® and therefore the specific target shown in this
figure would have an areal density of 7 g/cm? The penetrator used was a tungsten heavy alloy
rod (93W-7FeCo) with a mass of approx. 10 grams and initial diameter of 6.15 mm, and the
penetrator was fired at a velocity of 900 m/s (2950 ft/s) at the target in a normal incidence depth-
of-penetration (DOP) orientation. The depth of penetration within the MIL target is less than 1
cm. The demonstrated mechanical properties of the MIL composites make them suitable for
structural application, while the ballistic performance makes them attractive for armor
applications, creating a multi-functional (structural + ballistic) material.  The ballistic
performance of these MIL composites can be further enhanced by the incorporation of harder
constituent phases, such as ceramics. MIL composites have been successfully fabricated using
Al-based ceramic particulate reinforced metal-matrix composites (MMCs), as well as direct
incorporation of ceramic fibers and ceramic disks and plates within the intermetallic layer by
layering the ceramics between Al sheets prior to reaction sintering of the MIL composites.

STRUCTURAL PLUS THERMAL MANAGEMENT ATTRIBUTES

For applications such as structural heat sinks, a high performing material must possess the
structural attributes described above, in addition to a high specific heat capacity to store the
thermal energy and a high thermal conductivity to transport the heat throughout the structural
heat sink. Figure 7 shows a plot of the product of thermal conductivity and specific heat capacity
(on the y-axis) versus the product of specific modulus and fracture toughness (on the x-axis).
The product of specific modulus and fracture toughness was chosen because it represents an

optimum for many structural applications wherein high stiffness and high fracture toughness are
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desired. This combination of properties is usually difficult to achieve considering the highest
stiffness materials, such as ceramics, usually possess the lowest fracture toughness. In terms of
thermal management properties, the highest stiffness materials, such as ceramics, are usually
poor thermal conductors, and the high thermal conductivity materials such as Al-alloys and Cu-
alloys, have relatively low specific stiffness. The exception to these trends is beryllium alloys,
which possess high specific stiffness, high thermal conductivity and high heat capacity. On the
other hand, Be alloys have significant drawbacks to their widespread use, such as the limited
availability of Be, the high cost of Be alloys, and the serious health concerns with Be
manufacturing. As such, alternatives to Be alloys for combined structural plus thermal
management applications are in great demand. Examination of Figure 8 shows that MIL
composites are second only to Be alloys, in terms of thermal management capacity, for an
equivalent structural property level. In terms of thermal management capacity, the MIL
composites are only surpassed by Be-alloys, some Al-alloys, and diamond. Given the high cost
of diamonds and the inability to produce structural components from them, we can eliminate
diamonds as a choice. Furthermore, the specific structural performance of MIL composites is
nearly 3 times greater than Al-alloys, which can be critical for high performance aerospace
applications. As such, Ti-Al MIL composites offer an attractive alternative to Be alloys for
structural heat sink (multi-functional structural + thermal) applications.

MULTI-FUNCTIONAL METALLIC-INTERMETALLIC LAMINATE (MIL)
COMPOSITES

In addition to the multi-functional nature of MIL composites described above, it is possible to
incorporate additional functionalities into the materials. These functionalities are readily
incorporated into the MIL composites due to the layer-by-layer assembly nature to the materials.
Since each layer of the MIL composite starts out as a metal foil, it is possible to create holes and
slits in these layers forming 'open space' in individual layers or multiple layers. Within these
cavities and slits, additional functionalities can be embedded to further enhance the properties of
the MIL composites. The approach follows, to some extent, a multi-layer electronic circuit
board methodology with interconnections occurring either within a given layer or between
layers, creating a 3-D architecture to the structure of embedded functionalities. Below are
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described some of the initial concepts for these types of functionalities envisioned for these

materials.
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Figure 1-6. Specific Fracture Toughness versus Specific Modulus Property map for an array of
structural materials. Plot includes MIL (Ti-AlsTi) composites (dark gray colored)
and other laminate systems (identified by (L) and colored in light gray), metals,
alloys and composites.

Ti-Al3Ti Metallic-Intermetallic Laminate Composite
Using Ti-6Al-4V Metal
Figure 1-7. Cross-section through the impact location from a ballistic test on a MIL composite

(the plate thickness is 2 cm).
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Figure 1-8. Specific Heat Capacity and Thermal Conductivity versus Specific Modulus and

Fracture Toughness Property map for an array of structural materials. Plot includes
MIL (Ti-AlsTi) composites (red ellipse), which overlaps diamond and aluminum at
the lower end of the structural performance range for the MIL composites and lies
below Be alloys in terms of the thermal properties for a similar specific
stiffness/fracture toughness value.

Synthesis of MIL composites having meso-scale cavities to incorporate vibration damping

By designing cavities within the Al layers and filling these cavities with granular material, it is

possible to produce MIL composites with tailored vibration damping within the intermetallic

layers [11]. Figure 1-9 shows an example of the presence of these cavities within a Ti-AlsTi

MIL composite. The size, distribution, and location of the cavities within the MIL composite

hierarchy can be selected in the material design process by the placement of the cavities within

the individual aluminum layers, and the placement of these layers within the foil stack. These

cavities can be filled with granular materials to serve as particle dampers. Figure 10 shows an

example of a MIL composite fabricated with a large cavity filled with steel beads to demonstrate
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the concept of a particle filled cavity. Initial damping results have been presented elsewhere
[11].

Cavity Sample 1

Figure 1-9. X-ray fluoroscope images through-thickness of cavities created within the
intermetallic layer of a Ti-AlsTi MIL composite. The grey circular regions are
approx. 13 cm in diameter.

Figure 1-10. X-ray fluoroscope image through-thickness of a large (10 cm diameter) cavity
filled with steel beads created within the intermetallic layer of a Ti-AlsTi MIL
composite.

Enhanced Energy Absorbing or Fluid Conduit Modified MIL Composites

By embedding tubes between various layers of MIL composites it is possible to incorporate
energy absorbing capacity into these materials, specifically for blast mitigation. These tubes
would deform during impact and absorb the incident shock energy. Figure 1-11 illustrates the
concept for this energy absorbing MIL composite system. In addition, the embedding of tubes
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within the MIL composites would facilitate the passage of fluids or gases within the structure,

which might be used for heat exchange, fluid transport, or embedded reactions.
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Figure 1-11. Schematic diagrams of MIL composites containing embedded tubes within the
intermetallic layers, (a) initial microstructure, and (b) microstructure with
collapsed tubes following blast.

Collapsed Nitinol Metal Tubes

MIL Composites with Embedded Sensing Capability

Synthesis of in-plane embedded wires and tubes as electrical and/or optical pathways for damage
detection and life monitoring can make these MIL composites truly multi-functional. By
creating slots in the aluminum foils prior to MIL synthesis, it is possible to introduce metal
wires, metal or ceramic tubes, ceramic tubes containing metal wires, optical fibers, etc. By
suitable monitoring of the wires or fibers, it is possible to monitor and detect damage within the
intermetallic layers. In the case of the embedded wires, these wires also serve as 'micro-rebars'
within the intermetallic layers to further toughen these layers. Figure 1-12 shows an example of
embedded ceramic tubes in the intermetallic layers. The embedded ceramic tube has 2 wires

within it that are electrically isolated from the sample itself.

Synthesis of MIL composites having through-thickness wires or tubes

Since metal foils are used as the starting material, it is possible to machine the foils individually
or in-group to facilitate fabrication steps. By drilling a hole through the entire foil stack and
placing in the hole either a wire or tube, it is possible to create a through-thickness-strengthening
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feature. Figure 1-13 shows an example of a through-thickness Ti wire embedded in a Ti-Al MIL
composite plate. The location and distribution of these wires can be designed to regulate the
balance between through-thickness and transverse strength. These wires can also serve as
embedded electrical resistors for strain sensors or damage detection. Replacing the wires with
tubes provides a method to introduce rivet-type attachment holes, and through-thickness fiber

optics for imaging or environmental sensing.

Figure 1-12. Micrograph of a Ti-Al;Ti MIL composite containing a ceramic tube filled with 2
metal wires.
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Figure 1-13. Micrograph showing an example of a through-thickness Ti wire embedded in a Ti-
Al MIL composite plate.

Fully-Functional MIL Composites

The next step to “‘Multi-functional’ MIL composites having meso-scale cavities and electrical

conduits to incorporate sensing devices, such as piezoelectric devices, accelerometers,
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gyroscopes, and MEMS devices is to combine the technology of embedded cavities with the
concept of embedded electrical pathways. Figure 1-14 shows an x-ray fluoroscope image of a
MIL composite containing a series of cavities with interconnected electrical insulators and a pair
of wires running through the cavities. These cavities can also be filled with suitable high
temperature capable devices such as lithium niobate piezoelectric crystals that can be used for
detection of mechanical impulses, or conversely excited electrically to produce mechanical
vibration of the material. Figure 1-15 shows an illustration of a MIL composite having an
embedded piezoelectric sensor within its structure and a photo of an actual embedded sensor
prior to reaction of the MIL Composite. Figure 1-16 shows the voltage output from four
piezoelectric sensors embedded within a MIL composite following reacting of the plate. The
responses of the sensors are identical to their responses before embedding in the plate. The
signals from this array of sensors have been used to perform impact location determination and
through modal analysis of the signals determine the magnitude of the impact force.

Embedded
Cavities

"

Electrical
Wire
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Electrical
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Figure 1-14. X-ray fluoroscope image through-thickness of cavities, interconnected by ceramic
insulators containing wires created within the intermetallic layer of a Ti-AlsTi
MIL composite.

CONCLUSIONS

Building on the field of micro- and meso-structural design to achieve a set of targeted
mechanical + functional properties, a new class of structural materials has been developed to
embody and exploit this concept, termed ‘Metallic-Intermetallic Laminate (MIL) Composites.
The development of this novel, light-weight, multi-functional, structural composites that have the
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potential to perform various other functions, such as: thermal management, ballistic protection,
blast mitigation, heat exchange, vibration damping, sensing of various types through embedded
devices, has been presented. From the perspective of manufacturability, this new materials
system is relatively low cost, environmentally benign, capable of near net-shape processing, and
allows for the material properties to be designed and tailored to the specific performance
requirements of the application. Many of the additional functionalities that these materials offer
are inherent in the architecture and physical properties of the material’s individual phases. The
fabrication approach allows these properties to be tailored, both in-plane and through-thickness

in the materials.

For the active sensing functions, the design approach follows the methodologies used in the
electronic materials field for fabrication of circuit boards and devices. The materials are
assembled layer by layer, with the functional features incorporated primarily within the
intermetallic layers, and interconnections are completed within a given layer and between layers

using electrically insulated wires.

Constitutive and damage evolution models are actively being developed that could be integrated
into large-scale computer codes to predict the accuracy and effectiveness of the various
performance indices. The current modeling efforts also focus on determining the "Rules and
Tools" for designers to utilize these inherent and embedded functionalities, their distribution and
density within the material, with experimental verification of the models in progress.
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Figure 1-15. (a) An illustration of a MIL composite having an embedded piezoelectric sensor
within its structure, and (b) Photo of embedded piezoelectric sensors prior to

reaction.
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Figure 1-16.  Voltage signals recorded simultaneously from four piezoelectric sensors

embedded within the MIL composites following reacting of the plate.
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SECTION 2: EFFECTS OF DUCTILE LAMINATE THICKNESS, VOLUME
FRACTION AND ORIENTATION ON FATIGUE-CRACK PROPAGATION IN Ti-AlsTi
METAL-INTERMETALLIC LAMINATE (MIL) COMPOSITES

L. INTRODUCTION

The design of structural components through micro-structural tailoring is no longer a paradigm
shift; rather it has become an exciting avenue for inter-disciplinary research leading to the
development of unique materials systems; metal-intermetallic laminate (MIL) composites are
novel examples of such an effort [1]. The aim of the present work is to utilize the excellent
complementary properties of constituent materials to create a composite endowed with optimal,
application-specific properties. The concept of ductile phase toughening of brittle material,
originally proposed by Kristic [2], utilizes the work of plastic stretching of a ductile component
embedded in a brittle matrix to increase energy dissipation, thus leading to increased toughness.
Since the original work of Kristic, there have been considerable efforts to improve the toughness
of brittle materials through ductile phase reinforcements. Over the last decade, composites with
different ductile reinforcement morphologies, which included particles, wires and laminates,
were developed, and the effect of these ductile reinforcements on the mechanical properties has
been extensively investigated for aerospace and structural applications that required optimization
in weight and enhanced toughness [3-27]. A systematic study of various factors affecting the
composite properties has since been accomplished. These include, the interfacial properties
between phases involved that determine the extent of constraint on the ductile inclusions by the
stiff brittle phase [2, 9, 28-32], the effect of reinforcement morphology (shape and size) and the
volume fraction of reinforcement [3-9, 11, 12, 15-21, 33].

The concept of laminating various metals and alloys resulting in composites that exploit unique
properties of the constituent materials has been known for a very long time [34]. Nevertheless,
in the development of structural intermetallic composites, the idea has been embraced as a
potential new engineering concept. Over the past decade, a number of diverse brittle
intermetallics and ceramics have been toughened with various ductile metal laminates [15-20,
23-27, 35-62]. A number of these laminate systems were originally conceived and developed
with an aim of increasing crack propagation resistance in brittle components used for high

temperature aerospace applications [63-66].
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In spite of such rapid progress towards understanding these novel materials, a review of the
available literature indicates very few references that explored fatigue damage response of
brittle/ductile laminate composites. The only metal/intermetallic systems characterized with
respect to fatigue crack growth failure are Nb/MoSi; [47], Nb/Cr,Nb [25] and Nb/NbsAl [19].
Fatigue crack growth rate data of Nb/MoSi; indicated a Paris exponent of ~ 9.4, compared to ~
2-4 for typical structural metals and between 15 to 50 for ceramics. It was observed that
toughening occurred by a combination of crack-tip blunting and crack bridging in the low AK
regime, however crack bridging was absent in the high AK regime. It was noticed that shielding
contributions from crack bridging were very limited under cyclic loading. Heathcote et. al. [25]
measured fatigue behavior in Nb/Cr,Nb laminates similar to that observed for monolithic Nb
metal and suggested that since cracks tunnel rapidly through the brittle matrix, fatigue crack
propagation is largely controlled by the metal layers. Even among other laminated metal
composites, a limited number of studies have been done in elucidating the fatigue crack growth
response: Al/304 stainlesss steel laminates studied by Chawla and Liaw [67] and 6090/SiC/25p-
5182 studied by Huffman et al. [68]. More recently, Hassan et al. [69] investigated the effects of
laminate thickness on fatigue-crack propagation in 6090/SiC/25p-6013 laminates in the arrester

orientation.

Effects of cyclic loading on ductile reinforced brittle matrix composites have been studied with
respect to reinforcement morphology and thickness. Despite an increase in plane-strain fracture
toughness values of NbzAl/Nb from 2 MPavm (pure NbzAl) to ~6-8 MPavm, on cyclic testing
the composites sustained stable crack growth below the toughness values, with a fatigue
threshold range between 2-3 MPavm [70]. Moreover, Nb particles in the composite that failed
by ductile rupture under monotonic fracture, exhibited brittle failure mechanisms under cyclic
loading [71, 72]. The absence of significant Nb-phase bridging was due to premature failure of
Nb particles at stress intensities as low as 3 MPavm, which naturally reduced any ductile-phase
toughening from the deforming Nb particles. In another disc-reinforced y-TiAl/TiNb composite
system, toughening effects improved the critical stress intensity factor from 8 MPavm to about
25-30 MPavm, whereas fatigue-crack propagation was observed at stress intensity as low as 6
MPavm. Moreover, crack bridging by TiNb particles was not observed to within ~150um of the

crack tip compared to bridging zones approaching ~4mm at steady state toughness conditions
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under monotonic loading [4, 9]. The measured Paris exponents for the da/dN-AK curves were
between 10-20 and were found to decrease with higher ductile phase content, but independent of
particle thickness [7]. Under monotonic loading, stronger B-TiNb particles provided greater

toughening than Nb reinforcements in brittle y-TiAl intermetallic.

The effect of reinforcement orientation was studied in great detail for y-TiAl/TiNb and y-
TiAlI/Nb composite systems [6]. Although fatigue crack growth resistance was improved in the
face (or arrester) orientation, in the edge (or divider) orientation TiNb particles actually degraded
the fatigue threshold (AKry) relative to y-TiAl In contrast, Nb particles yielded better fatigue
crack growth resistance over TiNb particles, which is a result of extensive debonding of Nb
particles from the y-TiAl matrix, and intrinsically higher fatigue resistance of Nb over y-TiNb

The effect of reinforcement morphology was investigated in the MoSi,/Nb system, where Nb
reinforcements were either spherical particles (Nb,) or high-aspect ratio wire mesh (Nby) [12,
21]. Compared to the toughness of unreinforced MoSi, at ~3 MPavm, MoSi,/Nb, exhibited
unstable fracture at ~5 MPavm, whereas, MoSi,/Nby, exhibited rising R-curve with Kss of ~13
MPavm. The particulate reinforced composite exhibited a fatigue threshold (Kry) of ~2 MPavm,
whereas the mesh-reinforced composite did not experience crack growth below a Kry of 7
MPavm.

To date, Nb/NbsAl is the only ductile reinforced brittle intermetallic laminate composite to be
extensively studied with regards to fatigue behavior in terms of layer thickness and orientation
effects [17, 19, 20]. Fatigue crack growth resistance in divider laminates, with 20% volume
fraction of Nb, increased with an increase in reinforcement layer thickness and lies between the
fatigue crack growth data for monolithic NbsAl and Nb, but closer to Nb metal. Threshold
(AKty) values improved from ~3.5 to 7 MPavm as Nb thickness was increased from 50 to
250um. Although, the bridging length decreased under cyclic loading, it provided substantial

toughening through bridging tractions of the ductile layers.

Designing against fatigue is crucial towards developing structural intermetallic composites, since
cyclic loading is present in many of the intended applications. Failure to account for the cyclic
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load history may prove detrimental to any progress towards structural uses. Since metals are
susceptible to sub-critical crack growth forces, the large toughness improvements observed under
static fracture may be severely reduced when the ductile metal ligaments fail under cyclic
loading. Such susceptibility to sub-critical crack growth may reduce or even completely
eliminate any beneficial crack tip shielding by the metallic phase and will lead to failure of
structures at stress intensity levels well below toughness values. Hence, in the current work
effects of ductile layer thickness, volume fraction, and orientation on the fatigue crack-growth

resistance of Ti-AlsTi MIL composites are investigated.

IL EXPERIMENTAL PROCEDURES

A. Materials and laminate processing

Sheet metal of Ti-6Al-4V or Ti-3Al-2.5V and 1100 aluminum were used to fabricate Metal-
Intermetallic (Ti-AlsTi) Laminate (MIL) composites by a novel one-step process that utilizes a
controlled reaction at elevated temperature and pressure [1]. Alternating layers of titanium and
aluminum were stacked between the platens of a screw-driven load frame in a configuration such
that titanium occupied bottom and top position of the stack, see Figure 2-1. The initial thickness
of starting foils was chosen in such a way that all of the aluminum was consumed in the reaction
with the adjacent titanium to form the aluminide (AlsTi), while leaving some unreacted Ti.
Hence, the final structure of the MIL composite consists of alternating layers of titanium and
titanium aluminide with their thickness dictated by the thickness of the starting Ti and Al foils.
Two batches of MIL composites were produced from various combinations of titanium and
aluminum alloys starting foil thickness. From the first batch, SE(B) (Single edge-notched bend)
specimen and compact tension (CT) specimens were fabricated in crack-divider orientation (see
Figure 2-) and the representative MIL composite composition is listed in Table 2-. The second
batch was used to fabricate SE(B) specimen in crack-arrester orientation and the layer makeup is
given in

Table 2-. Henceforth, the samples will be designated by the volume fraction of Ti followed by
the crack orientation (with respect to the layering geometry). For example, a 20Ti-D refers to a
SE(B) specimen or CT specimen with a Ti volume fraction of 20% in a crack-divider orientation.
No differences in fatigue data was observed between the SE(B) sample geometry and the

compact tension (CT) geometry, for the same laminate orientation (divider). CT specimens were
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only tested in the crack divider orientation. The resulting layered structure of the MIL

composites are shown in Figure 2-. The average grain size of AlsTi (see Figure 2-4) in the MIL
composites was estimated using ASTM E 112 line-intercept procedure; the optical micrographs

of the corresponding ductile phase microstructure are also shown.

v Hydraulic
press

Heating
l elements
Ti
Al
Ti
Al
Ti \
Starting foils of
Ti-6Al-4V and 1100 Al p;
Stack of
titanium and

aluminim sheets

Figure 2-1.  Schematic diagram of metal-intermetallic laminate (MIL) composite fabrication
apparatus.

a) Arrester Orientation

b) Divider Orientation
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Figure 2-2. Schematic diagrams of (a) Arrester and (b) Divider Orientation in laminate

composites.
Table 2-1. Measured thickness and volume fraction of constituent layers in MIL composites
fabricated in divider orientation of SE(B) and CT geometry.
Sample Starting foil Final layer Volume fraction No. of layers Measured
thickness (um) thickness (um) (%) density
SE(B) Ti Al Ti ALTi Ti ALTi Ti ALTi glce
18Ti-D 508 813 206 968 17.5 82.5 10 9 3.55
21Ti-D 508 610 222 859 20.5 79.5 10 9 343
24Ti-D 508 508 269 833 24.4 75.6 10 9 3.60
25 Ti-D 1016 1270 579 1644 25.0 75.0 6 5 3.64
33 Ti-D 862 813 502 1030 32.8 67.2 9 8 3.70
40 Ti-D 508 381 322 477 40.3 59.7 22 21 3.83
CT
20Ti-6-4 508 610 206 968 17.5 82.5 10 9 3.55
20Ti-3-2.5 508 813 222 859 20.5 79.5 10 9 343
Table 2-2. Measured thickness and volume fraction of constituent layers in MIL composites
fabricated in arrester orientation of SE(B) geometry.
Sample Starting foil Final layer Volume fraction No. of layers Measured
thickness (um) thickness (um) (%) density

SE(B) Ti Al Ti ALTi Ti ALTi Ti ALTi glce
18Ti-A 508 813 238 1049 18.5 81.5 15 14 3.51
22Ti-A 508 610 253 912 21.7 78.3 17 16 3.52
33Ti-A 508 508 305 615 33.2 76.8 19 18 3.71
33Ti-A 1016 1270 671 1328 33.6 76.4 12 11 3.66
48Ti-A 508 381 415 453 47.8 52.2 22 21 3.82
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(b)
1 ALTi
(d)
Ti
\ m

Figure 2-3. Scanning electron micrographs of MIL composites fabricated (through-thickness
section). (a) 18Ti-D (b) 24Ti-D (c) 33Ti-D (d) 40Ti-D.

B.  Specimen Preparation and Mechanical Testing

Fatigue-crack propagation tests in MIL laminates was performed on both compact tension (CT)
and single-edged-notch bend {SE(B)} samples according to ASTM standard E647-98
specifications. Compact tension (CT) samples were prepared from MIL composite plates
fabricated from Ti-3Al-2.5V or Ti-6Al-4V and 1100 Al starting foils. Additionally, CT samples
were machined from monolithic Ti-6Al-4V and tested under fatigue to compare the fatigue-crack
growth rates with the MIL composites. The general specimen dimensions for the CT specimen,
shown in Figure 2-5, were in the range of width (W) = 76 to 78mm, thickness (B) =9 to 10 mm.
The CT specimens were notched by electro discharge machining (EDM) and later tested under
increasing stress intensity (AK), decreasing AK and constant Kyax control using a closed-loop
automated test system utilizing the Instron “da/dN program” for test control and data acquisition.
Similar tests were conducted on single edge-notched bend, SE(B), specimens prepared from MIL
composites, with compositions given in Table 2-1 and 2-2 and in both divider and arrester

orientations.
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10 um 10 um

F——  ALT — Ti

R

Figure 2-4. Microstructure of Al Ti (secondary electron SEM image) and Ti (optical
microscopy) in MIL composite: (a) 21Ti-D (2.6 um Al Ti) (b) 33Ti-D (3.5 um
ALTi)

The general specimen dimensions for SE(B) specimen were in the range of width (W) = 18 to
26mm, thickness (B) = 9 to 14 mm, and span (S) = 77 or 107.2 mm (see Figure 2-5). All samples
were fatigue tested at room temperature (22°C) at a cyclic frequency of 10 Hz (sine wave).
Increasing AK (AK 1) and decreasing AK (4K /) tests were performed at a stress ratio (Kmin/Kmax)
R = 0.1, in order to generate both high crack growth rate (1 x 10™ > da/dN > 1 x 10 mm/cycle)
and low crack growth rate (1 x 10° > da/dN > 1 x 107 mm/cycle) data, respectively. AK in all the

tests was controlled according to standard load shedding techniques and is given by the equation:
AK = AK exp(-C(a,,, — a,))

where AK is the stress intensity factor range, AKy is the initial stress intensity factor range, C is

the stress intensity factor gradient, and aj+; , a; are the instantaneous and initial crack lengths
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respectively. For AK decreasing tests, C values between —-0.08 mm™ to —0.15 mm™ were used
and C values between 0.08 mm™ to 0.25 mm™ were used in AK increasing tests. Stress intensity
gradients of 0.2 mm™ to —0.4 mm™ were used in constant Kpax experiments. Constant Kpax tests
were conducted in such a way that the stress ratio, R, varied between 0.05 to 0.7 during the entire
course of the test. The threshold stress-intensity level was defined at a crack growth rate of 10
mm/cycle. In conventional AK decreasing tests, both Kmnax and Kpi, are varied in such a manner
that the mean stress ratio (R) remains constant. In constant Kmax tests, only Knin is varied and this
leads to an increasing mean stress ratio with decreasing AK level. There are two incentives for
such a constant Knax tests: one is that it produces conservative low-growth-data due to higher
mean stress ratio levels, and second is that the data acquisition is faster compared to AK

decreasing tests.

B:=9.26 mm
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Figure 2-5. Macrographs for MIL composites: (a) SE(B) specimens in crack-arrester
orientation, (b) CT specimen in crack divider orientation (layers in plate of plate)
and (c) SE(B) specimen in crack-divider orientation.

In both orientations, crack length was monitored by a crack opening displacement (COD) gage
that calculates crack length using unloading compliance measurements. The COD readings were

verified by direct optical measurements using a Navitar Zoom 6000 zoom lens system. Crack
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length data that differed by more than 10% between the compliance and optical measurements

were discarded. The reason behind such a difference will be discussed in the subsequent section.

I11. RESULTS AND DISCUSSION
A. Monolithic Ti-6Al-4V and Al,Ti materials

The fatigue-crack growth rates from both increasing and decreasing stress intensity tests for Ti-
6AIl-4V are shown in Figure 2-6. Threshold values of ~ 4.9 MPavm and Paris-law slope of ~ 3.7
are observed. Monolithic AlsTi is a highly brittle material and fails at a stress intensity of ~ 2

MPavm and is represented as a point on the fatigue-crack growth curve.
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Figure 2-6.  Fatigue-crack growth behavior in monolithic Ti-6Al-4V. Fracture toughness of
brittle Al;Ti is also indicated.

B. MIL COMPOSITES
Effects of ductile laminate material type: Ti-6Al-4V vs. Ti-3Al-2.5V
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Figure 2-7(a) compares the fatigue crack growth data, in both the low and high crack growth
regime, between laminates containing 20Ti-6-4 (20% Ti-6Al-4V) and 15Ti-3-2.5 (15% Ti-3Al-
2.5V) with monolithic Ti-6Al-4V. Low crack growth behavior (107 mm/cycle < AK < 10°
mm/cycle) in both samples was very similar, with stress-intensity factor threshold, AK+y, equal
to 4.2 MPavm in Ti-6-4 and 4.1 MPavm in Ti-3-2.5 reinforced composites, respectively. The
threshold values for these MIL composites were very similar to that of monolithic Ti-6Al-4V
(~4.9 MPavm), whereas, at larger crack driving forces (high AK regime), they differed
considerably, with 15Ti-3-2.5 exhibiting a fatigue failure at 31 MPavm and 20Ti-6-4 at 44
MPavm compared to 60 MPavm for monolithic Ti-6A-4V. Since failure depends on the amount
of material capable of plastically deforming, at large AK values (where Knax Values approach Kc
or Kss), 15Ti-3-2.5 exhibited faster crack growth rates than 20Ti-6-4 due to a combination of the
lower ductile reinforcement volume fraction and inherent differences in the fracture toughness of
Ti-6-4 vs. Ti-3-2.5.

Although fatigue crack growth was observed at stress intensities much lower compared to
monotonic fracture values, an important result is that the laminates exhibited more than an order
of magnitude increase in fatigue resistance over monolithic AlsTi that exhibits a brittle fracture at
~2 MPavm. Such an impressive gain in fatigue resistance over Al3Ti with a mere 20% ductile
layer phase addition is worth noting. Moreover, fatigue experiments conducted at constant Kpyax
control in the lower crack growth rate regime resulted in accelerated crack growth below
threshold values indicated by constant R (= 0.1) tests; the mean stress ratio varied from 0.1 - 0.75
in this test. These tests thus provide conservative estimate of crack growth rates at lower stress
intensities, where the mean stress ratio is higher and may better simulate actual loading
conditions on structural components. The relevant mechanisms that lead to improved fatigue
resistance of laminates over the brittle monolithic intermetallic will be discussed in detail in

subsequent sections.

EFFECT OF ORIENTATION
Crack-divider orientation

Fatigue crack growth rate curves for the MIL composites in divider orientation, shown in Figure
2-8, exhibit a characteristic sigmoid shape, similar to monolithic structural metal alloys, with a
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linear Paris crack growth regime and a clear threshold behavior under constant R ratio testing.
The threshold values varied between 3.7 — 4.7 MPavm with changes in Ti volume fraction from
18-40%. The failure of the ductile layers under cyclic loading leads to a degradation in the
extent of crack tip shielding, and hence, reduces bridging lengths. Thus, the failure stress
intensities, i.e. Knax, at the point of final fracture under fatigue crack growth conditions may
more accurately reflect the true fracture toughness in these laminates compared to the steady-
state toughness values (Kss) obtained from monotonic fracture tests [14]. Under fatigue loading
conditions, the bridging tractions, which contribute to the unusually high toughness displayed by
these MIL composites under monotonic loading, are reduced somewhat by the fatigue process.
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Figure 2-7. Fatigue-crack growth rates in crack-divider (CT specimen) Ti-AlsTi laminates as a
function of (a) AK, stress-intensity factor range at R = 0.1 and (b) AK, at constant
Kmax =9 MPavmand R=0.1-0.7.

This result suggests that for materials that exhibit bridging behaviors, more conservative values
of fracture toughness may be obtained from a AK increasing fatigue crack growth test at failure.
In spite of the reduced crack tip shielding, the fatigue data in Figure 2-8 indicates a dramatic

improvement in fatigue crack growth resistance over the monolithic intermetallics. Furthermore,
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the degradation in crack bridging in laminates under cyclic loading compared to monotonic
loading is not as severe as that observed in particulate- or wire-reinforced composites [4, 12].
Similar observations were made by Bloyer et. al., [19, 20] during fatigue testing of Nb/NbsAl
reinforced composites. Moreover, the volume fraction of the ductile phase in particulate
composites was nearly twice compared to these MIL composites. Hence, a laminate architecture
should be preferred over other geometries for enhancing fatigue resistance of brittle materials
through ductile phase addition.

107 ¢ .
107

10°L

10°L

Crack growth rate, da/dN (mm/cyc)

10°L

107 L PR | PR
2 4 6 810 30 50
12

Stress intensity factor range, AK (MPa-m

)

Figure 2-8. Fatigue crack growth rate curves for MIL composites in divider orientation. The
crack growth rates lie between the two curves for MIL composites whose
composition varies between ~18 — 40% Ti by volume.

EFFECT OF DUCTILE LAYER VOLUME FRACTION

With an increase in Ti volume fraction from 17.5 - 40.3%, the threshold varied minimally
between 4.1 — 4.7 MPavm (discussed in detail below). The thickness of the ductile layer also
varied between 206um — 502um. Once again, in the higher crack growth regime, K,,,, values at
failure increased with increase in volume fraction and stress intensities as high as 45 MPavm

were recorded, indicating fracture toughness values likely in excess of 50 MPavm (see Figure 2-

9). Since, conventional structural alloys usually have fracture toughness values between 25-125
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MPaVm, the fatigue tests results indicate that MIL composites may be suitable for structural

applications.

EFFECT OF LAYER THICKNESS

Dependence of fatigue crack growth rates on Ti layer thickness at a constant nominal volume
fraction of ductile phase is shown in Figure 2-10. A slight improvement in fatigue resistance at
higher stress intensities was observed with K, increasing from 26 to 31 MPavm as thickness
increased. The threshold stress intensity however, showed very little variation with increasing Ti
layer thickness. AK,; values were 3.8 and 3.9 MPavm for 579 um and 267 um Ti laminates,
respectively. Bloyer et. al., [19, 20], however, observed that fatigue thresholds increased with an
increase in layer thickness at a constant load ratio, R, of 0.1. Additionally, the same effect was

retained on cyclic cracking at higher mean stress ratio, R, of 0.5, although, the threshold stress

intensities were reduced by 30%.
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Figure 2-9. Effect of ductile layer volume fraction on fatigue crack growth rate of MIL
composites.

This apparent contrast in fatigue threshold behavior may be explained as follows. All the fatigue
tests conducted in the present work utilized a crack opening displacement (COD) gage to
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estimate the crack length in bulk samples through unloading compliance measurements. Since
the intermetallic fractures at a relatively low stress intensity of 2 MPavm, and since the test
conditions always maintain a higher AK, most of the intermetallic present, in or out of the plane
of maximum stress, cracks readily if the stress intensity on that plane (at the crack tip) is greater
than the Kic of AlsTi. This is, of course, provided the ductile layer does not contribute to any

crack tip shielding from far field loading.

10'1: T T T T rrrrj T T LI

0O 24.4%Ti (~268 um)

02k ¢ 25%Ti  (~578 um) O o

10°
10* |

10 3

Crack growth rate, da/dN (mm/cyc)

10 3

10-7 1 1 nea s a3l 1 1
2 3 4 567890 20 30 4050

Stress intensity factor range, AK (MPa-m”2

)

Figure 2-10. Effect of layer thickness (at constant ductile volume fraction) on fatigue crack
growth rate of MIL composites.

Such early intermetallic failure leads to lower stiffness and hence the COD gage calculates
an ‘apparent’ crack that is longer than the dominant macroscopic crack. It has to be emphasized
that a true crack front, or a macroscopic crack cannot be clearly defined. Consequently, even at
low stress intensities, the intermetallic fails relatively easily, and this leads to a threshold
intensity value that is governed by the volume of intermetallic that fractures and the extent of

ductile ligament bridging length. Since the crack does not grow below the threshold intensity,
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and if one assumes that the mechanism of failure is not influenced greatly by the layer thickness,
it can be argued that a constant bridging length forms near the threshold stress intensity range,
irrespective of layer thickness, and thus one measures nearly the same threshold intensity AKry.
Since the volume of intermetallic undergoing fracture varies with sample dimensions, the
threshold values obtained show some scatter and may not be indicative of a true ‘long crack’
threshold value.

Indeed, when constant K, control tests are conducted to obtain lower crack growth rate data, the
composites show accelerated crack growth behavior with no apparent threshold, see Figure 2-11.
This occurs because, even below 2 MPavm (AK), owing to the high mean stress, R, of 0.7, K,,,,.
values are still higher than the Al;Ti fracture toughness and COD measures a growing ‘apparent’
macro-crack. Such measurement leads to faster crack growth rates, and hence, represent
conservative fatigue resistance properties. Indeed, if crack length on one of the outer faces of Ti
layers is measured to calculate a ‘macroscopic’ long crack, the threshold may show an increased
sensitivity to layer thickness, as demonstrated in K curve measurements. Nevertheless, the
results obtained by Bloyer et. al., were from tests conducted on small, micro-laminates, i.e., not
bulk samples. Moreover, they used DC(T) (Disc shaped compact tension) specimens for fatigue
testing. It would be reasonable to argue that the fatigue behavior may have been influenced by
specimen geometry, specifically, size and shape, as these affect small-scale bridging or large-

scale bridging conditions.

Fatigue parameters (C, m), in the Paris equation,

da

— =C(AK)" 1

N (AK) (1)
are calculated by fitting a straight line to the linear Paris region of the fatigue curve. Table 2-3
indicates that the fatigue parameters in the Paris equation for fatigue crack growth rates are very
similar to other monolithic metals or alloys. The power exponent, m, usually varies between 2-4
for many metals, and is usually very high for ceramics/intermetallics, ~20-40. The values of m
for the MIL composites lie between 3 and 4.5. An additional effect due to such “‘apparent’ crack
growth is the greater scatter in the fatigue data along the entire da/dN-AK curve, where, due to

intermetallic cracking and subsequent fracture, the COD gage registers a sudden increase in
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crack length and hence a sudden changes in the fatigue crack growth rate. After a few hundred

cycles, however, the crack growth rate returns to previous steady values and continues along the

sigmoidal curve. Such variations are apparent at many places in all the fatigue data presented

until now.
Table 2-4. Paris law exponents for MIL composites in divider orientation.

Material composition C M
8 Ti-D 3.39e-08 3.84
21 Ti-D 3.68e-08 3.41
24 Ti-D 8.40e-09 4.32
25Ti-D 1.04e-07 3.36
33Ti-D 3.93e-09 4.24
40 Ti-D 1.97e-08 3.46

Monolithic Ti-6Al-4V 2.1e-08 3.11
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Crack-arrester orientation

Figure 2-12 plots fatigue crack growth curves for MIL composites reinforced with varying Ti
volume fraction and thickness. An interesting contrast in fatigue response at lower crack growth
rates between the two orientations is apparent. The fatigue thresholds varied between 3 — 7
MPavm, a significant change when compared to the divider orientation samples, where nearly all
samples exhibited threshold values of ~3.7 — 4.7 MPavm.

EFFECT OF DUCTILE LAYER VOLUME FRACTION

With an increase in Ti volume fraction, the arrester orientation laminates, in general, exhibited
increasing resistance to fatigue crack growth. As Figure 2-13 indicates, there was an overlap of
fatigue crack growth rate data between 18Ti-A, 22Ti-A and 33Ti-A, 48Ti-A laminates. This
indicates that the fatigue resistance is not significantly sensitive to changes in volume fraction.
The 18Ti-A and 22Ti-A laminates had fatigue threshold of 3.5 and 3.1 MPavm respectively,
slightly less than that of divider laminates with similar composition and monolithic Ti-6Al-4V.
Nonetheless, the fatigue thresholds increased from 6.6 to 7 MPavm for 33Ti-A and 48Ti-A
laminates respectively, greater than AKyy for Ti-6Al-4V. It should be noted that the Ti layer

thickness also varied between 200 — 400 um in these arrester laminates.
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Figure 2-12.  Fatigue crack growth rate curves for MIL composites in arrester orientation.
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Apart from the difference in fatigue threshold values, the overlap in fatigue data in the arrester
orientation laminates is similar to that observed in divider laminates at lower crack growth rates.
However, scatter in fatigue data was greater in arrester laminates than in divider laminates, as
evidenced from Figure 2-13. This is, once again, due to intermittent fracture of the brittle
intermetallic phase during the entire loading cycles leading to a sudden increase in an ‘apparent’
crack length measured by the COD gage at various stress intensity levels. Such large crack
growth variations yield greater crack growth rates, and hence, the fatigue data for arrester
orientation laminates also represent conservative estimates. Nonetheless, the fatigue properties

are significantly superior to monolithic intermetallics and ceramics.

EFFECT OF LAYER THICKNESS

Similar to divider orientation samples, the arrester orientation showed almost no sensitivity to
layer thickness at the same ductile phase volume fraction, see Figure 2-14. Fatigue thresholds
varied from 6 to 6.6 MPavm for 34Ti-A and 33Ti-A laminates, respectively. Similar
observations were made by Bloyer et. al., [19, 20], who measured AKry between 6 — 7.5
MPavm, in arrester orientation laminates of Nb/NbzAl with an increase in layer thickness at a

nominal 20% ductile phase volume fraction.
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Figure 2-13.  Effect of ductile layer volume fraction on fatigue crack growth rate of MIL
composites.
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Figure 2-15 shows the effect of a higher mean stresses on low crack growth rate behavior during
constant Kmax tests. In contrast to divider orientation laminates that do not exhibit any well-
defined threshold during constant Knax tests, crack growth rates in arrester orientation laminates
indicate a threshold even at high mean stress levels. Although, the crack growth rate is
accelerated during the early part of cyclic loading, crack growth slows down considerably at
lower stress intensity ranges. This is attributed to the entire crack front being trapped in front of
the ductile layer. However, the fatigue thresholds measured are lower than those obtained during
constant R ratio experiments and vary between 2 to 6 MPavm. The mechanisms leading to high

threshold levels during decreasing AK tests are discussed below.

C. Bridging mechanisms and fractography

The primary mechanism for toughening in MIL composites during cyclic loading was bridging
zones formed by the ductile layer as the crack tunneled ahead in the intermetallic (see Figure 2-
16).

DIVIDER ORIENTATION

The fatigue fracture surfaces for 20Ti-D laminate tested in a decreasing (/)AK condition are
shown in Figure 2-17. Micrograph (a) in Figure 2- shows the failure surfaces of Ti-Al3Ti layers.
The crack tunnels through the AlsTi layer producing both inter- and intra-granular fracture
surfaces. However, as can be seen in Figure 2-(b), a major portion of the fracture surface is
intra-granular fracture. Ductile fatigue striations can be seen in Figure 2-(c), with the crack
growing from bottom to top, indicating cyclic damage mechanisms that degrade crack bridging.
Moreover, the ductile-brittle layers do not exhibit near interfacial cracking at low AK levels, see
Figure 2-(d-e).
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Figure 2-16.  Schematic diagram illustrating crack morphology variation due to orientation
effects in laminate composites.
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Figure 2-17. SE images of fatigue-fracture surfaces in MIL composite 20Ti-D. (a) Micrograph
showing failure of ductile/brittle layers. (b) Both inter- and intra-granular fracture
of Al3Ti, (c) Fatigue striations in Ti layer. (d-e) Ductile-brittle interfaces. Notice
the absence of near interfacial cracking. Crack growth is from bottom to top
during a JAK test (AK < 10 MPavm).
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Figure 2-18. SE images of fatigue-fracture surfaces in MIL composite 33Ti-D. (a) micrograph
showing evidence of interfacial crack near the ductile-brittle interface. (b) Fatigue
striations in Ti layer. Notice substantial secondary cracking. Crack growth is from
bottom to top in 74K test (AK > 20 MPavm). (c) Notice the change in fatigue
surface from a flat fracture to a slant fracture in a constant Kiax (= 10 MPavm) test.

Figure 2-18 shows similar fatigue fracture surfaces in 33Ti-D laminate composite under
increasing (1)AK test conditions. Interfacial cracking is now clearly observed at higher stress
intensities in Figure 2-18(a). The intermetallic phase has failed largely by intra-granular
fracture. Fatigue striations also formed at these high levels of stress intensities (AK > 20
MPavm), as shown in Figure 2-18(b), with larger striation spacing and significant secondary
cracking compared to Figure 2-17(c). Even though the ductile ligaments failed under cyclic
loading, they still provided enough bridging tractions to dissipate energy through plastic tearing
and hence failed at stress intensity levels approaching the fracture toughness of many structural
metals (> 40 MPavm).
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Bannister and Ashby [44] and Pickard and Ghosh [45] used a sandwich of metal bonded between
two brittle plates to investigate the origin and degree of toughening by studying the behavior of
the ductile phase near the tip of the cracks introduced in the brittle material. These sandwich tests
have indicated that asymmetric or non-coplanar cracking results in higher fracture resistance
under monotonic loading. Therefore, slant fracture (see Figure 2-18(c)) of the reinforcing Ti
layer may have been due to non-coplanar cracking in the adjacent AlsTi layers and may have
contributed to higher fatigue resistance.

ARRESTER ORIENTATION

While the crack path in divider orientation laminates (observed on the outer Ti surfaces of the
fatigue samples) was nearly straight, the crack path in arrester orientation laminates was quite
tortuous. A single definite crack front could not be defined at high stress intensities in arrester
samples due to multiple non-collinear cracking, as shown in Figure 2-20. Therefore, the
‘apparent” COD gage crack length measurement could not be correlated with a single
macroscopic crack at high crack growth rates (> 10 mm/cycle), and hence, any crack growth
rate data beyond 10 mm/cycle was discarded from the fatigue plots. Figure 2-19 shows the
crack profile in 18Ti-A composite, which indicates a different mechanism of ductile toughening
in arrester orientation laminates. Since the intermetallic phase has low fracture strength, the
crack front rapidly propagated through the intermetallic and was trapped entirely at the Ti-AlsTi
interface. Further crack growth required renucleation of the crack near the Ti layer and hence
led to an increase in threshold stress intensities with increasing layer thickness. In fact, when the
notch was present exactly at the Ti/AlsTi interface, a crack often did not grow from the notch tip,
as shown in Figure 2-20. A fatigue crack grew from the notch only when the notch tip was
present in the middle of either the Ti or Al;Ti layer. At high Knax values, irrespective of whether
a constant R = 0.1 test or constant Knax test, cracks renucleated in the intermetallic layers ahead
of the crack tip across intact ductile layers (Figure 2-20a), forming crack bridging zones that
shielded the crack tip and thus increased the fatigue crack growth resistance. Furthermore, at low
AK levels and constant R = 0.1 test conditions, such crack renucleation events ahead of the crack
tip did not occur. During subsequent cyclic loading, the renucleated cracks in the intermetallic
grew backward into the Ti layer, as shown in Figure 2-19. Due to multiple non-collinear
cracking in the intermetallic, most of the renucleated cracks close to the plane of maximum stress
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propagated either partially or completely through an entire Ti layer. Figure 2-19(b) shows
multiple cracks indicated as 1, 2 and 3 in layer #4. Cracks far from the loading plane, such as 1,
are completely arrested, whereas at 2 and 3, cracks partially grow into the Ti layer until the crack
tip driving force decreased below the threshold value. Whereas, in layer #5, a renucleated crack
grew parallel to the main crack, cracks growing in opposite directions in layer #2 merged after
propagating through the entire Ti layer thickness. Such crack path meandering may also have

contributed to higher energy dissipation and hence higher fatigue crack growth resistance.
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Macroscopic crack growth direction

Figure 2-19. Crack path morphology in 18Ti-A laminate in a decreasing AK test. (a) Crack
profile in a decreasing AK fatigue test, (b) multiple cracking and crack path
meandering. The scale bar is 100 um for all micrographs in (b). Solid arrows in
(a) indicate crack tip positions. Dotted arrows in (b) indicate the local,
microscopic crack growth directions.
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Figure 2-20 shows a crack profile in an increasing AK fatigue test on 18Ti-A composite. At low
AK levels, a single straight crack grew uniformly through several layers. With increasing AK,
however, a large amount of interfacial cracking and multiple non-collinear cracking occurred in
the intermetallic layers ahead of the crack tip. Since a unique crack front was not identified,
crack growth data at this stage was discarded. It has to be emphasized that the final ductile layer
did not fail, and the crack deflected completely along the interface. With an increase in Ti
volume fraction, fatigue resistance improved with increases in threshold levels and a decrease in

crack growth rates at high AK levels.

(a)

>

Crack growth direction

Figure 2-20.  Crack path morphology in 18Ti-A laminate in (a) Constant K,,,, test. At high
K,.. values, cracks renucleate in Al,Ti layer ahead of intact ductile layers, thus
leading to crack bridging and concomitant toughening. (b) Increasing AK test.
Notice multiple non-collinear cracking of intermetallic layers at high AK levels.

Inspection of the constituent layers in Figure 2-21(a), indicates that the Ti layer failed by slant
fatigue fracture. Non-coplanar cracks formed in the adjacent intermetallic layers leading to shear
band deformation (see Figure 2-22) in the ductile Ti phase. The slant fatigue fracture in the Ti
layers, due to being in a state of plane stress, will contribute to higher crack growth resistance.
The intermetallic failed predominantly by intra-granular fracture, and interfacial cracks were
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absent during cyclic loading at low AK levels. Therefore, while the main mechanism of
toughening in divider laminates is through crack bridging by unbroken ductile ligaments,
toughening in arrester laminates is provided by both crack bridging and trapping of the entire
crack front in the ductile Ti layers.

Comparison between laminates and conventional metals and alloys

A comparison of fatigue crack growth rates between MIL composites and conventional metals
and alloys is presented in Figure 2-23. The comparison clearly shows that MIL composites
possess superior fatigue resistance over numerous monolithic ceramic and intermetallic materials
and comparable crack growth rates with respect to many metal alloys. In fact, an interesting
comparison emerges when stress intensities are normalized with respect to material density, as
shown in Figure 2-24. The fatigue data for various high strength alloys now overlaps with that
of the MIL composites indicating the suitability of these MIL composites for structural
applications. The performance of a material for a particular application may depend on more
than one parameter. Ti-Al MIL composites have twice the specific stiffness of steel and offer

high crack growth resistance comparable to many structural metals.

Crack growth direction

Figure 2-21. Fatigue fracture surfaces in 22Ti-A composite. (a) Fatigue fracture surfaces at low
AK levels. Notice slant fracture of Ti layer due to non-coplanar cracks in adjacent
intermetallic layers, (b) predominantly intra-granular fracture of Al;Ti.
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Shear bands

Crack growth direction

Figure 2-22.  Non-coplanar cracks formed in the adjacent intermetallic layers lead to shear
band deformation and slat fracture of Ti layers.
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Figure 2-23.  Fatigue crack growth rates in MIL composites compared with crack growth data
in various ceramics, high strength structural alloys [17, 73-75].

61



FINAL Progress Report Contract Number DAAD19-00-1-0511

-1
10 T T T T rrrr T T T T rrrr T

O MIL20% Ti (220 um)

(&) 80% A|3Ti (870 um)
Y i B MIL33%Ti (500 um)
E 67% Al Ti (1030 um)
E @ Titanium alloy Ti-6-4
= 10° ®  High Strength Aluminum 7079-T6
% - ¥ High Strength Steel 300M
'D— 104 —O— High Strength Magnesium ZK60A-T5
()
"(B' L] —O— Inconel-600 Superalloy
X q0° —0—ALO, Ceramic
=
wpt
g —— Mg-Partially Stabilized Zirconia
-6
6 10 e —— NbsAI Monolithic Intermetallic
a4
.5 10.7 —2— SiC Ceramic
] 4
6 —&—Si.N, Ceramic
10'8 1 1 Al 1 1 1.1 1 1 1 Lt 1 1.1 1 | —h— Ti3Si02
0.1 1 10

Stress Intensity Factor Range/Density, AK/p [(MPa-m”z)/(g/cc)]

Figure 2-24.  Specific fatigue crack growth rates (da/dN - AK/p) in MIL composites compared
with crack growth data in various ceramics, high strength structural alloys.

CONCLUSIONS

Fatigue crack propagation in MIL composites has been studied with respect to ductile
reinforcement type, volume fraction, thickness and orientation. Although both the composites
exhibited similar threshold intensity values, MIL composites reinforced with Ti-6Al-4V ductile
layers sustained higher stress intensities and lower growth rates at high AK levels compared to
Ti-3Al-2.5V reinforcements. Resistance to fatigue crack propagation was seen to increase with
an increase in ductile phase volume fraction. Maximum stress intensities of the order of 50
MPavm were recorded during the high crack growth rate regime near failure. Fatigue crack
growth rates showed little variation with increasing Ti layer thickness, at the same nominal
volume fraction, in both arrester and divider orientations. All the laminates in divider orientation
exhibited stable crack growth, with fatigue thresholds intensities between 4.1 — 4.7 MPavm.
However, in the arrester orientation, the threshold values showed significant variation. 18 vol.%
Ti and 22 vol.% Ti laminates possessed fatigue thresholds of 3.5 and 3.1 MPavm respectively,
slightly less than that of the divider laminates with similar composition. The fatigue thresholds
increased from 6.6 to 7 MPav for 33 vol.% Ti and 48 vol.% Ti composites, respectively. The
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ductile Ti layers provided sufficient bridging tractions to improve fatigue resistance by almost an
order of magnitude over the monolithic intermetallic, Al;Ti. Crack tip shielding due to intact Ti
layers that bridge the crack wake was seen as the mechanism for fatigue resistance in the divider
orientation. In the arrester orientation however, both crack trapping at the ductile/brittle
interface and subsequent crack bridging by intact Ti layers contributed to toughening. A
comparison of fatigue crack growth data between MIL composites and conventional ductile
metals/alloys showed the MIL composites as promising candidates for structural purposes with
the added advantage of low weight and high specific stiffness.
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SECTION 3: FRACTURE OF Ti-Al;sTi METAL-INTERMETALLIC LAMINATE (MIL)
COMPOSITES: EFFECTS OF LAMINATION ON R-CURVE BEHAVIOR

I. INTRODUCTION

Intermetallics are known to possess high compressive strength and stiffness, high oxidation
resistance and melting temperatures, some with low density, and generally good creep resistance
[1]. However, owing to their ordered structure, intermetallics exhibit limited dislocation
mobility leading to brittle fracture at low temperatures (~ 2MPavm for AlsTi), thus limiting their
use as structural components. Considerable research has gone into the development of structural
intermetallics [2], and one of the strategies for increasing the utility of intermetallics involves the
toughening of the intermetallic with ductile reinforcements. Over the last two decades,
composites with different ductile reinforcement morphologies, which included particles, wires
and laminates, were developed, and the effect of these ductile reinforcements on the mechanical
properties has been extensively investigated [3-9]. In spite of the classical tradeoff between
higher stiffness/strength or higher toughness, an optimal application-specific microstructural
design can be achieved by incorporating the excellent properties exhibited by the individual
components in the right microstructure architecture. The development of MIL composites is a

step towards that direction.

Previous studies on mollusk shells [27, 28] have shown that hierarchical structures over various
length scales, based on weak constituents (CaCO3 and organic binders), endow the final structure
with highly optimized mechanical properties. Such bio-mimetic motivation has led to the
development of MIL composites with damage critical properties, such as specific fracture and
fatigue properties (i.e., properties normalized with density), equal or superior to the component
materials. MIL composites do not possess a strict hierarchical structure exhibited by the mollusk
shells, instead, they are layered materials with discrete interfaces over the micro-scale.
Nevertheless, such bio-mimetic architecture at a single length scale has been shown to
dramatically improve many properties such as fracture and impact behavior [26].

In order to use the beneficial properties of the intermetallic AlsTi, such as high compressive
strength and stiffness, low density and good creep resistance, while mitigating its detrimental
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brittle nature, it is necessary to reinforce the brittle phase with tougher ductile metals [29].
Various methods that have been developed to produce laminate composite structures include
diffusion bonding, deposition, and spray forming, [30-40]. Lesuer et al. [41] reviewed the
history of laminated metal composites (LMC’s) along with various processing techniques in
detail. The particular process used to fabricate MIL composites, the focus of this work, is
“reactive foil sintering” or “reaction bonding”. The details of the processing technique are
discussed elsewhere [30]. The objective of the present work is, therefore, to quantify the
fracture properties of such novel MIL composites with respect to ductile thickness and volume
fraction. Such a study will enable us to delineate the toughening mechanisms in MIL composites,
and to extend our understanding of the fracture and failure mechanisms eventually paving the
way towards development of structural intermetallic composites optimized for user/application-

specific properties.

Concepts of toughening

An important property that any structural material should possess is resistance to crack
propagation under both static and cyclic loading conditions. Therefore, in order to embrace the
concept of structural intermetallics, methods have been developed to incorporate crack growth
resistance in these otherwise brittle materials. The toughening methods that have been

developed fall under two classes: intrinsic or extrinsic toughening mechanisms [42-44].

Intrinsic toughening results when the microstructure exhibits an inherent resistance to crack
propagation, attributable to grain morphology, ductility, bond strength, alloying elements and
precipitates, that tend to alter or influence the dislocation mobility or plastic zone dimensions. In
metals, intrinsic toughening is brought about by plastic deformation, where large plastic zone
size and crack tip blunting ultimately lead to high toughness. From the nature of the intrinsic
toughening process, it is readily apparent that intrinsic mechanisms are an inherent material
property, i.e. independent of crack size or specimen geometry, and occur ahead of the crack
front.
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However, intermetallics and ceramics, in general, have very little or no dislocation motion, and
hence exhibit very little inherent or intrinsic crack propagation resistance. In such highly brittle
materials, unstable fracture and subsequent failure occurs when the applied stress intensity factor
(or crack driving force) reaches the material’s fracture resistance, K; (or Gic), and is nearly
constant during further crack extension. In brittle materials, extrinsic toughening can be used
very effectively to increase toughness by creating a process zone behind the crack front that acts
to shield the far-field driving forces. Since extrinsic toughening occurs in the crack wake,
extrinsic mechanisms are dependent on specimen geometry and crack dimensions. When
extrinsic mechanisms are active, the crack driving force (or stress intensity) necessary to extend
the crack increases from an initial value Ky, (initiation toughness) to a certain value Kg, usually
denoted as R. Thus, a plot of Kg (or R) vs. crack extension, Aa, is called the resistance curve (or
R-curve), and such increasing crack resistance behavior is termed R-curve behavior. Other
intrinsic toughening methods, like transformation toughening, impart resistance-curve behavior

for certain classes of ceramics [45].

Toughening in brittle ceramic/intermetallic systems is typically achieved through ductile
reinforcements, where the plastic work of the deforming ductile phase is utilized to increase
energy dissipation. The ductile ligaments that span the crack wake apply crack bridging tractions
over the bridging length, thus shielding the crack tip from external loads. A number of ductile
particulate reinforced brittle matrix composites have been studied in detail. The known studies
include y-TiAl/Nb [46], y-TiAl/TiNb [7], MoSi»/Nb [11, 47], NbsAI/Nb [21] and others [48-51].
The ductile inclusions are usually in the form of particles [6, 7, 11, 13, 21, 46, 47, 49, 52-54] or
fibers [20, 48, 51, 55-58].

A common feature in all these brittle systems after reinforcement is that they exhibit pronounced
resistance curve (R-Curve) behavior, i.e. resistance to crack propagation, wherein the stress
intensity factor (Kg) increases with increasing crack length. For example, ductile phase
toughening induced by incorporating Nb particles enhanced the toughness of NbzAl from ~1 to 6
MPavm [21]. In the MoSi/Nb system [11], the crack resistance improved from a critical value
(Kic) of 5 MPavm for unreinforced MoSi, to ~13 MPavm steady state fracture toughness,
whereas, the toughness of y-TiAl/Nb [4] increased from 8 MPavm to ~25-30 MPavm.
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Investigations on y-TiAI/TiNb [6] showed an increase in crack initiation toughness from 8
MPavm to 16 MPavm, nearly twice that of monolithic y-TiAl, finally reaching a steady state
(Kss) value of 44 MPavm.

The concept of laminating various metals and alloys resulting in composites that exploit unique
properties of the constituent materials has been known for a very long time [41]. Nevertheless,
in the light of developing structural intermetallic composites, the idea has been once again
embraced as a potentially useful engineering approach. Over the past decade, a number of
diverse brittle intermetallics and ceramics have been toughened with various ductile metal
laminates [14-19, 22-26, 31-33, 39, 40, 51, 59-80]. A number of these laminate systems were
originally conceived and developed with an aim of increasing crack propagation resistance in
brittle components used for high temperature aerospace applications [29, 81-83].

Numerous studies have illustrated the benefits of a laminate architecture to fracture resistance.
Fracture toughness tests have been conducted on a variety of laminate composite systems [4, 6,
7,14-17, 19, 22-24, 26, 40, 51, 60, 62-65, 69, 72-75]. In one study, fracture resistance of NbsSis
intermetallic was increased by a factor of five, from 1.7 MPavm to 8.6 MPavm, by reinforcing
with ductile Nb layers (in the arrester orientation, AO) [64], while in another investigation an
improvement from 2 MPavm to nearly 28 MPavm was attained after a crack extension of 400um
[65]. Nb/MoSi, laminates (AO) showed better fracture properties than composites reinforced

with ductile particles or fibers [51].

Nb/NbsAl laminate composites have been similarly studied in depth with regards to the influence
of layer thickness and orientation [21]. In both orientations, divider and arrester, the laminates
toughened in an R-curve fashion, with progressive improvement in toughness properties as the
reinforcement layer thickness was increased. While a crack initiation toughness of 1 MPavm
was noted in divider orientation for all specimens (same as the toughness of brittle NbsAl), crack
initiation toughness values as high as ~7 MPavm were observed in the arrester orientation. The
toughness increased to over 10 MPavm, with the increase in metal layer thickness from 50um-

250um. The effect of laminate orientation on overall toughness was relatively small, with
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arrester orientation samples exhibiting slightly better properties over the divider orientation
samples.

Enoki et al., [60, 62], and Harach et al., [26], have showed that peak toughness and resistance
curves improved commensurately with increasing volume fraction in laminate composites. In
fact, these are the only known studies on the effects of volume fraction on toughness for laminate
composites. In Ni/NiAl laminates, the maximum fracture resistance measured was 17.5 MPavm
in the divider orientation and 23.5 MPavm in the arrester orientation [62]. Interestingly, in the
Ti/Al3Ti laminates, crack initiation toughness was higher in divider laminates compared to
arrester laminates with the same volume fraction of Ti [26].

Studies on TiNb/yTiAl, Nb/MoSi, and Nb/NbsAl [4, 6, 12, 15, 22] have all illustrated benefits of
ductile phase toughening with particles, wires and laminates. Additionally, these studies
confirmed the superiority of laminates over wire and particulate reinforcements in terms of
toughness gains. However, further investigations on cyclic loading effects have severely
undermined the use of particles and wires as potential reinforcements due to near elimination of
toughening effects as a result of premature ductile ligament failure. As a result, designing
laminates against both static and cyclic loading effects is paramount to the development of these
composite towards structural uses. Hence in the current work, effects of ductile layer thickness
and volume fraction on fracture toughness and resistance-curve behavior of Ti-AlsTi MIL
composites are investigated.

However, a large body of research has been directed towards the characterization of ductile-
reinforced, brittle composite systems with reinforcement morphology other than laminates.
Investigations on laminate composites have Dbeen confined to metal-intermetallic
“microlaminates”, with layer thickness in the range of 1 wm to 250 wm [14-19, 23-25].
Relatively little is known about the mechanical properties of metallic-intermetallic composites
including the Ti-AlsTi combination. The impediment towards such characterization is the
difficulty in developing bulk composites of sufficient size for testing. However, the novel one-
step process [30] used in the development of MIL composites produces fully dense laminate
composites with layer thickness from 200 um to > 4mm, and overall sample sizes that do not
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appear to be limited in overall lateral dimensions or thickness. These composites can be designed
for structural applications by optimizing the constituent properties over laminate architecture
(layer thickness, percentage composition of titanium, starting material type) and processing

history.

Il. EXPERIMENTAL PROCEDURES

Metal-intermetallic laminate (MIL) composites are a unique form of composites, in which
alternating metallic and intermetallic layers are created through a reaction between a low melting
temperature metal, such as Al, and a high melting temperature metal, such as Ti (see Figure 3-1).
Sheet metal of Ti-6Al-4V and 1100 aluminum were used to fabricate Metal-Intermetallic (Ti-
Al3Ti) Laminate (MIL) composites by a novel one-step process that utilizes a controlled reaction
at elevated temperature and pressure [30]. For this study the initial thickness of starting foils was
chosen in such a way that all of the aluminum was consumed in the reaction with the adjacent
titanium to form the aluminide (AlsTi), while leaving some unreacted Ti. The final structure,
therefore, consists of alternating layers of ductile metal (Ti) and the brittle intermetallic (AlsTi).

The MIL composite so produced is lighter (~3.7 g/cc) than steel alloys (~8 g/cc), and yet has an
elastic modulus ~195 GPa, close to that of steel (~200GPa). However, the most impressive gain
is the higher resistance to crack propagation, i.e., high toughness achieved in an otherwise brittle
structure. The composition, layer makeup and the mechanical properties of the final MIL
composite can be varied systematically by varying individual starting foil thickness, composition
and layering sequence. Therefore, a thorough understanding of such structure-property
relationships is essential in extending the capability of this new class of composite as structural

components.
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Figure 3-1.  Schematic diagram of metal-intermetallic laminate (MIL) composite fabrication
apparatus.

R-curve behavior of the laminates in the divider orientation was tested in two different ways,

wherein crack opening displacement (COD) gages and crack propagation gages (CPG) were used

to monitor the crack length. In both cases, single-edged notched bend beams, SE(B) (see Figure

3-2), were tested under three-point bend loading in accordance with the ASTM E-399 standard.

The three-point bend tests were performed under position control with an actuator speed of 0.1

mm/min at room temperature.

Figure 3-2.  Schematic diagram of Crack-Divider Orientation in the MIL composite in the
SE(B) geometry.

The typical span was either 77 mm or 102.4 mm, and the ratio of width to thickness varied
between 2-4, within the limits recommended by ASTM E-399. All the samples were notched
using a low speed saw utilizing a diamond blade of thickness 0.25 mm. The samples were
subsequently fatigue pre-cracked to an a/w ratio (crack length/sample width) of nearly 0.5.
Fatigue pre-cracking was performed in constant AK = 5 MPavm mode and at 10 Hz cyclic (sine
wave) frequency at a load ratio (R) equal to 0.2. During fatigue pre-cracking the crack length
was monitored indirectly by a COD gage that calculates the crack extension through the increase
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in the specimen compliance. The entire resistance curve was evaluated up to a/w = 0.7 - 0.8, and
the tests were performed in open air at 22°C. Fatigue pre-cracking of the bend specimen is
required to mimic a naturally occurring crack in a structural member. Additionally, a set of
notched specimens were tested without any fatigue pre-cracking in order to compare the
influence of fatigue pre-cracking on the bridging behavior and hence fracture properties.

In the first method, crack opening displacement (COD) gages were used to measure the crack
length indirectly by measuring the change in compliance of the specimen during loading. This
compliance change was then used to evaluate the crack length and fracture toughness (COD R-
curve) using linear elastic solutions (see Appendix A for calculations).

In the second method, crack propagation (CP) gages were used to monitor the crack in the
titanium layer on one face of the sample. Crack propagation gages (Model 1-RDS-22) were
obtained from Hottinger Baldwin Messtechnik (HBM) and is schematically shown in Figure 3-3
with respect to the specimen and crack geometry. The crack propagation gages consist of 50
strands of resistive wires, each of 44Q resistance, connected in parallel. As the crack propagates,
it breaks the resistive wires, thus changing the resistance of the entire strain gauge. Such a
change can be detected and amplified by using a 1/4 bridge circuit as shown in Figure 3-4. Since
the resistive strands are separated uniformly by a distance of 0.1 mm, the crack length on the
titanium face can be accurately monitored. This is similar to optically measuring the crack
length, where the crack growth is monitored directly by calibrating an imaging system with
uniformly spaced markings on the specimen surface. This crack length is then used in Equations

Al - A4 (given in Appendix A) to evaluate the R-curve behavior (CPG R-curve).

While the crack propagation gage measures directly the crack length in the ductile phase, there is
no direct method of determining the crack front embedded in the brittle AlsTi layers that are
sandwiched between the external Ti layers. Hence, a COD gage determines the crack length in
the specimen indirectly by converting the increase in compliance during loading due to damage
(in the form of brittle intermetallic cracking and crack extension in the Ti layer) into an
equivalent crack length. It will be explained in the next section that, in many cases, a clear crack

front is very difficult to define and hence conservative estimates obtained from the COD gage is
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used in conjunction with CPG readings to estimate the extent of bridging. This is the reason for
using two different approaches to measure the crack length. Additionally, a compact tension
(CT) Ti-6Al-4V bulk specimen was also tested under monotonic loading at 0.1 mm/min to

evaluate and compare fracture toughness with respect to the MIL composites.

./ Metal
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— Resistive wires
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Titanium (Ti) L

~—— Notch |/
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Figure 3-3.  Crack propagation gage set up for measuring crack length in a SE(B) specimen
during R-curve testing.

In addition to the fracture tests, fatigue-crack propagation tests [84] were also performed on the
laminate composites with single-edged-notch bend, SE(B), geometry according to ASTM
standard E647 specifications. The general specimen dimensions for SE(B) specimen were in the
range of width (W) = 18 to 26mm, thickness (B) = 9 to 14 mm, and span (S) = 77 or 107.2 mm.
All samples were fatigue tested at room temperature (22°C) at a cyclic frequency of 10 Hz (sine
wave). Increasing AK (AK 1) and decreasing AK (AK /) tests were performed at a stress ratio
(Kmin/Kmax) R = 0.1, in order to generate both high crack growth rate (1 x 10" > da/dN > 1 x 107
mm/cycle) and low crack growth rate (1 x 10° > da/dN > 1 x 10" mm/cycle) data, respectively.
AK in all the tests was controlled according to standard load shedding techniques and is given by

the equation:

AK = AK exp(-C(a,,, — a;))
where AK is the stress intensity factor range, AKy is the initial stress intensity factor range, C is
the stress intensity factor gradient, and aj:+1, @; are the instantaneous and initial crack lengths

respectively. For AK decreasing tests, C values between —-0.08 mm™ to —0.15 mm™ were used

and C values between 0.08 mm™ to 0.25 mm™ were used in AK increasing tests.
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Table 3-1 lists the representative MIL composites composition used to fabricate SE(B) specimen
in the crack-divider orientation. Henceforth, the samples will be designated by the volume
fraction of Ti. For example, 20Ti refers to a SE(B) specimen with a Ti volume fraction of 20%
in a crack-divider orientation. The resulting layered structure of the MIL composites is shown in
Figure 3-5. The average grain size of AlsTi in the MIL composites shown in Figure 3-6 was
estimated using ASTM E112 line-intercept procedure. The optical micrographs of the
corresponding ductile phase microstructure are also shown.
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Figure 3-4.  (a) Schematic illustration of the strain gages used in fracture tests. (b) Schematic
drawing of Strain gage amplifier, 1/4 bridge circuit for measuring the crack length
on one face of the bend specimen. (c) Data recorded from the crack propagation
gage during crack growth in a MIL composite. Note the step output from the CP
gage where each step represents change in voltage due to a single broken resistive
wire (only a portion of the actual output is shown here).
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Table 3-1.  Effective thickness and volume fraction of constituent layers in MIL composites
fabricated in divider orientation of SE(B) and CT geometry.

Sample  Starting foil Final layer Volume No. of layers  Measured
thickness thickness (um) fraction (%) density
(um)

SE(B) Ti Al Ti Al;Ti Ti AlsTi  Ti AlsTi g/cc
18Ti 508 813 206 968 175 825 10 9 3.55
24Ti 508 508 269 833 244  75.6 10 9 3.60
25Ti 1016 1270 579 1644 25.0 75.0 6 5 3.64
33Ti 862 813 502 1030 328 67.2 9 8 3.70
40Ti 508 381 322 477 40.3  59.7 22 21 3.83

| I!l | I I
i i
&

Figure 3-5.  Scanning electron micrographs of MIL composites (through-thickness section).
(a) 18Ti (b) 24Ti (c) 33Ti (d) 40Ti. The scale bar is 1mm in all the micrographs.

(d)
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10 pm 10 um

F— AlLTi — Ti

Figure 3-6.  Microstructure of AlsTi (secondary electron SEM image) and Ti (optical
micrographs) in MIL composite: (a) 21Ti (2.6 um Al3Ti) (b) 33Ti (3.5 um Al;Ti).

I1l. RESULTS AND DISCUSSION

A. Monolithic Ti-6Al-4V and Al;Ti materials
The R-curve for Ti-6Al-4V is shown in Figure 3-7 along with the fracture toughness of AlsTi,

which indicated as a horizontal line. The initiation toughness (Ky) for Ti-6Al-4V is observed at ~

71 MPavm, consistent with the K¢ reported for bulk Ti-6-4 alloys (~ 75 MPavm).
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Figure 3-7.  R-curve behavior in monolithic Ti-6Al-4V. The fracture toughness of AlsTi is
shown as a dotted horizontal line at ~ 2 MPavm.

B. Metal-Intermetallic Laminate (MIL) composites

The R-curves or fracture resistance curves for divider laminates shown in Figure 3-8 indicate that
ductile reinforcements in the brittle intermetallic improved resistance to crack propagation by
more than an order of magnitude (AlsTi Kic ~ 2 MPavm). The crack length measurements used
to calculate the fracture toughness curves in Figure 3-8(a) were determined by a crack opening
displacement (COD) gage. With an increase in the ductile phase volume fraction from 18 to
40%, peak toughness values increased in general from 75 to 96 MPavm (note that the Ti layer
thickness also varied between 206um — 579um), on par with monolithic Ti-6Al-4V fracture
toughness of 75 MPavm (see Table 3-3). The results for the 25Ti sample did not follow the
above trend as clearly as the other volume fraction samples did. The crack growth resistance
exhibited by the MIL composites exceeded the fracture resistance of many ductile particle or
wire reinforced brittle composites [6, 7, 11, 13, 20, 21, 46-49, 51-58]. All six laminates tested in
crack divider orientation exhibited an initiation toughness of ~ 9 MPavm. Until 2 mm crack
extension (i.e. as measured by COD gage, Aacop), the fracture resistance data nearly overlapped,
i.e., the R-curve possessed a common slope in all the tests. However, when the stress intensity
increased to ~ 20 MPavm, individual R-curves monotonically increased, with their slope

increasing in general with increasing Ti volume fraction.
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Figure 3-8.  R-curves for divider laminates. (a) Kr-Aacop, crack length was monitored using
COD gages. (b) Kr-a/w, crack length was monitored using CP gages.

Since it was difficult to place the crack propagation gages in such a manner that the first resistive
wire in the gage is immediately ahead of the crack-tip, the first data point on the plots shown in
Figure 3-8(b) correspond to a stress intensity at a finite crack growth length (< 0.1mm, as
measured by CP gage), and this occurred when acop was ~2mm. Therefore, R-curves calculated
using acp, indicated a ‘near’ initiation value (Ky) greater than or equal to 20 MPavm. Since the
COD gage determines crack length through elastic compliance of the specimen, and since the R-
curves in Figure 3-8a showed two distinct slopes at ~20 MPavm, indicating a sudden change in
compliance, it is inferred that the ductile reinforcement provided nearly 2mm bridging length

before crack initiation in the Ti.

It is assumed here, however, that the crack front in all Ti layers is straight, i.e., the crack front at
the center of specimen thickness does not extend further than the crack front on the surface Ti
layers. Such an assumption, although not strictly justified, is expected to give reasonable

estimates of average crack length as measured by the crack propagation gage (acp.).

Thus, such crack tunneling behavior in AlsTi, where the crack front in the intermetallic layers
extends further than the crack front in the Ti layers, and subsequent bridging by intact ductile

layers, was the primary cause for enhancement in crack growth resistance in laminate
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composites. Figure 3-9 shows the evidence for crack tunneling behavior in the MIL composite.
Figure 3-9(a) shows extensive damage in the brittle AlsTi, where cracks tunneled nearly 2mm
ahead of the crack in the Ti layer (as measured by CP gage), forming non-coplanar or non-
collinear cracks. Clearly, a dominant single crack front or a crack tip is extremely difficult to
define or identify. The cross-section in Figure 3-9(b), taken 3 mm ahead of the Ti layer defined
crack tip, shows that although non-coplanar cracks formed, the extent of brittle cracking is
greatly reduced. Bridging lengths of ~2-3 mm were found in all the laminates, that compares
well with the estimates suggested by the COD gage measurements earlier.

The fracture surfaces for 33Ti laminate composite are shown in Figure 3-10. The micrograph in
Figure 3-10(a) shows the fracture surfaces of the individual layers, with Ti layers indicating slant
fracture. Earlier work [66, 67] has shown that non-coplanar cracking (or slant fracture) leads to a
larger work of rupture and hence higher toughness. The fracture surface of a single Ti layer,
shown in Figure 3-10(b), reveals the angled fracture surfaces and extensive cracking in the AlsTi
layer near the interfaces. The near interfacial cracking is evident at the region where the fatigue
pre-crack ended (in Ti layer) and the crack started to grow under monotonic loading during R-
curve testing. Magnification of this fatigue-R-curve crack interface in Figure 3-10(c) reveals a
transition from flat, transgranular fracture under cyclic loading to a more ductile dimpled failure
due to microvoid coalescence under monotonic loading. The fracture surfaces of the brittle
intermetallic in Figure 3-10(d) indicate a mixture of intra-granular cleavage fracture and

intergranular fracture.

In the divider orientation, the crack front is exposed to both the brittle and ductile layers at all
times. Due to the rapid tunneling of the crack into the brittle intermetallic, the crack front in this
microstructural layer extends further than the crack front in the ductile Ti phase, thus leading to
the formation of the ductile bridging zones. However, after a certain amount of crack growth,
the bridging metal ligaments farthest from the crack tip fail due to plastic stretching beyond a
critical displacement (u*), and a steady state is reached between crack growth and ligament
failure. This leads to a steady state toughness value and the R-curve assumes a plateau form, i.e.,
it saturates. Since, the crack front is embedded in the ductile phase all the time, the steady state

values achieved in laminates are often higher compared to particulate or fiber reinforcements,
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where crack growth occurs primarily in the brittle matrix. Such contrast in R-curve behavior has

been verified by Bloyer et al. [15].

In the present study, the bridging lengths (~2-3 mm) observed in the laminates are large with

respect to the crack length (a) or specimen ligament (w-a) (w = 19-26 mm, see Table 3-3).

Hence, in this case, large-scale bridging conditions prevail and any assumptions of small-scale

bridging may lead to incorrect estimates of true toughness values.

Figure 3-9.

Optical micrographs of crack fronts in a laminate composite during R-curve
testing (crack plane growth is horizontal and into the plane of the page). (a) The
crack front shown here is nearly 2 mm ahead of the crack tip in the Ti layer
(measured by the CP gage), suggesting tunneling of the cracks into the brittle
Al3Ti layer. The cross-section also shows extensive non-coplanar cracking and
hence a dominant or single crack front is difficult to define. (b) The crack front at
nearly 3 mm ahead of the apparent crack tip. The arrows indicate cracks that have
tunneled through the brittle layer; only a few are identified. The images refer to
the cross-section BB' in Figure 3-11. Similar sectioning of the sample further
ahead of the crack tip revealed almost no cracking of the intermetallic phase.
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Figure 3-10. SEM images of fracture surface in the 33Ti laminate. (a) Fracture surfaces of Ti
and Al3Ti layers. (b) Ti-AlsTi interface. Observe the near interfacial cracking in
the brittle phase. (c) The dotted curve separates the fatigue pre-cracked region
from the monotonic fracture surface. A change from flat, transgranular crack
growth to a more ductile dimpled failure can be observed in Ti layer. (d)
predominantly mixed-mode intra-granular and intergranular fracture of Al;Ti.

C. Models for toughening in laminates

From the above results, it is evident that the toughening in MIL composites is due to extensive
crack bridging by intact Ti layers that shield the crack tip. The contribution of ductile tractions
in reducing crack driving force (or increasing crack growth resistance) over appropriate bridging
lengths can be evaluated using the weight function method. Figure 3-11 schematically illustrates
the concept of bridging in both crack arrester and crack divider laminates. For the purpose of the
present study, only the crack divider orientation is analyzed. The general problem depends on the
form of the traction over the bridging length, specimen geometry and crack length. In such cases,

the bridging contribution toward crack tip stress intensity reduction is given as [85-87]:
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K, = [oG0m(a.x)dx (1)

where o(x) is the traction distribution function given as a function of distance y = x/w behind
the crack tip, m(a,x) (a =al/w) is the weight function for a given specimen geometry, and b is

the bridging zone length. The specimen width and the crack length are denoted by w and a,
respectively.

AI3Ti
—"Ti
Bridging
tractions

Notch

Multiple
cracking

a) Arrester Orientation

Crack front leads
in brittle layer

Notch

b) Divider orientation

Figure 3-11. Schematic diagram illustrating crack morphology variation due to orientation
effects in laminate composites: (a) crack arrester orientation (b) crack divider
orientation. Planes AA! and BB! indicate cross sections of the laminate composite
near the crack tip (see Figure 3-9 and Figure 3-20). The arrows between the
planes indicate bridging tractions over the length b.
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The effective stress intensity, Kes, at the crack tip can then be given by superposing the bridging
stress intensity, Kp, with intrinsic toughness (toughness of the brittle intermetallic) of the
laminate composite, K:

K,=K +K, 2)

In order to evaluate the bridging contribution from Equation 1, both the traction distribution
function, and the weight function should be known in advance. However, the difficult part is
calculating the traction distribution function, and for many cases it cannot be determined
theoretically. The traction function, o(y), depends on the stress-displacement, o(u), behavior of
the constrained ductile phase undergoing deformation and the crack-opening profile, u(y).
Therefore, direct experimental measurements are required (such as sandwich experiments [58,
66, 67, 88, 89]) to calculate these functions. Some models try to incorporate general empirical
non-linear functions such as [75]:

9 _ [1 _ i}” )

%
o, u

where o represents the tractions due to the bridging ligaments, op is the constrained maximum
traction for a given ductile metal layer, u is the displacement of the crack faces, u* is the critical
crack opening displacement at which the tractions no longer exist on the crack faces, and n is a

power index.

Evidently, o(u) is dependent on many factors such as specimen geometry, reinforcement
geometry, and loading conditions, and hence are very difficult to model. The simplest
approximation is obtained through a rectilinear bridging traction law [53] given by:

o) 1, O= — = 1
-c= " (4)
%o 0, L1
b u* -
and
o u* = fae(u)du (5)
0

where oe(u) is the stress-displacement curve measured experimentally. Constrained stress-
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displacement curves have been determined for a number of systems [22, 25, 64, 66, 67],
however, a simplified approach is to assume a constant o(y) [15, 17, 90], equal to the
constrained flow stress of the ductile reinforcement over the entire bridging length. In Ti-AlsTi
MIL composites, constrained tensile tests have indicated constrained flow stress ratios less than
1.1 [91]. Therefore, o(y) in this study is assumed to be the uniaxial yield strength of Ti-6Al-4V
(~ 970 MPa). The layered architecture of the Ti layers is accounted for by the volume fraction, f,

in the equation:

K, =K +fo, f m(a, ) dx (6)

The assumption of a constant o(y) in the above model has had some success before [15, 90]. Zok
and Hom [90] have pointed out that once the ductile bridging ligaments furthest from the crack
tip fail, a steady state value is attained by both the bridging length and the R-curve behavior.
Furthermore, they suggested that such R-curve saturation is observed during small scale bridging
(SSB), where the bridging lengths are small compared to the crack length (a) and the uncracked

ligament (w-a) dimensions:

é—>0 and —0 @)

a (w=-a)

The weight function for a single edge-cracked finite width specimen, m(e,y), in Equation 1 is

given by [92]:

S

m(o, ) =—— > &, (a)/[1-= 8

0= 25 (a)|1-2 (8)

where a = 3; X =  and the function values, &q(), for some values of « are listed in Table 3-
w w

2. It should be noted that x is measured from the load line to the crack tip. Therefore, the stress

. . . . Ol
intensity for any arbitrary crack face loading, ﬁ can be evaluated as follows:
o

K =Y o \maw 9
where o is a far-field stress chosen as the reference stress to determine the appropriate weight

function for the above geometry. The non-dimensional factor Y is determined as follows:
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Vo) f o) &i{)dx fn f O(X) E& (a)(l——)n dx (10)

0 O

When the crack is subjected to a uniform stress, a(x) =0, acting in the wake of the crack tip,
the non-dimensional factor Y simplifies as:

Y(a,x) = f—)zfj (05)(1—) de; a-Bsy=sa;, B=

(11)

Y(O! \/‘ EE (a)f( ) ZdX=\/Elywt25'1(05)(2;2:11)

(@l «fig( )( )

which agrees with Wu and Carlsson [92]. The function Y(a/w, b/a) is plotted for reference in

Figure 3-21 (see Appendix B). Therefore, under large scale bridging (LSB) conditions, the
bridging contribution to the stress intensity is given (after substituting for the variables o and f3,

and o = op) by:

K, o 23! 2O 12)
JU w

Figure 3-12 illustrates the manner in which Equation 12 is used to model the LSB conditions.
For a given bridging length (b) and specimen width (w), the a/w ratio is varied by incrementing
the crack length (a/w = 0.5-0.8 in this case, similar to the values used in the experiments). As the
crack grows, both the a/w and b/a values change, and hence a rising R-curve, as shown in Figure
3-12c, is obtained from Equation 12. The assumption here, however, is that until the crack
grows to a length equal to the bridging length, b, the bridging length value used in Equation 12
is equal to the crack increment (4a). Once the entire bridging length forms in the immediate
wake of the crack tip, it is assumed that a steady state bridging length is attained, and hence this
steady state value is used thereafter to calculate the remaining portion of the R-curve (see Figure
3-12b).

Equation 12 is fitted to the experimental data in Figure 3-12 to estimate the bridging lengths for
laminates with varying Ti volume fraction. The bridging lengths calculated varied between ~2-3
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mm (see Table 3-2) agreeing well with the experimental observations. Nevertheless, there are a
few differences to be noted between the experimental and the LSB model R-curves in Figure 3-
13. The R-curve determined from the CP gage crack length measurements does not, in general,
have a initial rise portion, since it only measures the crack increment in the Ti layer. Since the
fatigue pre-cracking introduced bridging ligaments prior to the R-curve testing, the rise portion
of the COD R-curve does not match closely to the model R-curves in some cases. As the
experimental data limited the R-curves to be calculated up to 5-6 mm crack extension only, the
model curves are presented accordingly. However, if one extends the model R-curves, they are
similar to the curve schematically drawn in Figure 3-12c, clearly suggesting LSB conditions.

o~ o~
? (a) Aa < b, ﬁ (b) Aa > b,
b= Aa b=b,
»/7 Notch
Crack
Aa
b,

L

0’_
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/*( rack Bridging ductile
ligaments

A

a
b.

(o

(c) W= finite - (d) W = Semi-infinite

___________________

""""""

v

Aa Aa

Figure 3-12. R-curve behavior under SSB and LSB conditions. (a) crack growth prior to
reaching steady state bridging length. (b) crack growth and bridging ligaments
after the attainment of steady state bridging length. (c) R-curve calculated under
LSB conditions. (d) R-curve calculated under SSB conditions. Notice the
saturation of R-curve under SSB to a steady state value, Kss, compared to
monotonically increasing function under LSB. Ky is the crack initiation
toughness.

Since the volume of intermetallic that can fracture prior to ductile bridging ligament failure is
higher in composites with low Ti reinforcement volume fractions, it is anticipated that bridging
lengths would be higher in such laminates. However, no particular trend in bridging lengths with
Ti volume fraction is observed. One of the reasons may be that the sample dimensions, and
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hence net volume of intermetallic, varied among the laminates tested (compare width, w, in
Table 3-2). This suggests that bridging length is strongly dependent on specimen geometry,
particularly sample size. Therefore, bridging length for a given thickness and volume fraction of

ductile layer may not be a constant, since it depends on sample geometry.
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Figure 3-13.  Plots showing the LSB R-curve predictions (for a finite crack). The Ti volume
fraction varied between 18% - 40%, indicated on the plots. The bridging length
values used for the fit are given in Table 3-2. R-curve data for monolithic Ti-6-4
is also included in each plot for comparison.
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Table 3-2. Summary of fracture toughness values in divider laminates

MIL  %Ti E’ GPa Ti layer Ksse K Kss TKs™® NG *b w w,,

Modulus thickness CcP COoD (K™ bridging finite semi-

um MPavm MPavm MPavm MPavm MPavm  length width  infinite

mm width
18 Ti 175 198 206 59 53 75 175 30 (34) 3 26.5 75
24 Ti 24.4 191 269 78 64 72 18.3 23 (26) 1.9 18.7 55
25 Ti 25 190 579 116 63 57 195 30 (34) 2 20.2 55
33 Ti 32.8 183 502 121 84 90 27 45 (50) 24 255 65
40 Ti 40.3 175 322 105 78 96 30.6 41 (46) 2.1 25.5 55

! Calculated from Equation 18; and “Equation 17; 3Calculated from the model curve fit to
experimental data

D. Small Scale Bridging (SSB) conditions

It was mentioned earlier that the bridging lengths (~2-3 mm) observed (or calculated) in the
laminates were large with respect to the crack length (a) or specimen ligament (w-a), i.e.,
Equation 7 is not satisfied, suggesting LSB conditions. Zok and Hom [90] have calculated (in
fiber reinforced brittle-matrix composites) that for a steady state bridging length, b., of 1 mm and
assuming an error of 10% due to large scale bridging, specimens with w = 25 mm and a =12 mm
would be required to measure the true resistance behavior. They showed that the R-curves
obtained by testing smaller specimens overestimate the true fracture behavior, and thus called
into question the validity of toughness data published for various ductile reinforced brittle
composites. For the bridging lengths calculated in the case of these MIL composites, specimen
with w > 50 mm and a > 25 mm would be required to capture the SSB conditions.

Steady state toughness values can, however, be calculated under SSB conditions, if the
appropriate weight functions and bridging-zone size are known. The weight function for a single
edge-cracked semi-infinite width specimen, m(y), in Equation 1 is given by [92]:

I nd
m(a,x)=—— » &, (1- 2 13
(@) m}j@ (1-x) (13)
where the crack length, a, is chosen as the characteristic dimension (since it is a specimen with a
semi-infinite width instead of finite width, w, as in Equation 8). Hence, a=<=1; =2 and
a a

the function values,,, are listed in Table 3-5 (in Appendix C). Therefore, the stress intensity for
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ox)

o

any arbitrary crack face loading, , can be evaluated in a similar way as Equations 8-12, as

follows:

K=Yoma (14)
where o is a uniform crack face pressure loading chosen as the reference stress to determine the
appropriate weight function for the above geometry. The non-dimensional factor Y is determined
as:

PO S (1-2) dx (15)

When the crack is subjected to an uniform stress, a(x) =0, acting in the wake of the crack tip,
the non-dimensional factor Y simplifies as:

Y(0) = I f Ec Sy 1-B=syxsl /5=§=b

n=1

f;l- teegSalmale],

n=1

vBy 1*
a \/En;C"I

i 2 % n_f
re, _Jr22n1

a n=1

which agrees with Wu and Carlsson [92]. The function Y(b/a) is plotted in Figure 3-22 (in
Appendix C). Therefore, under small scale bridging (SSB) conditions, the bridging contribution
to the stress intensity is given by (after substituting for the variable o and  and o = oy):

K =om %i ! gn.(g)n_lz (17)

Equation 17 is used in a similar manner as Equation 12 was used, and explained schematically in
Figure 3-14(a-b). Using the bridging lengths and semi-infinite specimen width listed in Table 3-
2, the SSB R-curves are calculated as shown in Figure 3-16. The SSB R-curves closely follow
the same trend shown in Figure 3-14(d), i.e., they all reach saturation and hence exhibit steady
state toughness values (Kss). The Kss values varied between 18 and 30 MPavm, still more than

an order of magnitude greater than the intermetallic toughness (~2 MPavm). However, the Kss
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under SSB conditions were nearly one-third the values seen in experimentally determined R-
curves (see Table 3-2). As Zok and Hom [90] have pointed out, the LSB conditions may
overestimate the true fracture behavior. However, the SSB values may be underestimating the

true toughness values by nearly 10-20 MPavm, for reasons discussed in the next section.

In the literature, an alternative energy approach, as formulated by Ashby and Bannister [66, 88,
89], is also used to estimate the SSB Kss. The steady state toughness is calculated by combining

the ductile reinforcement toughening and the matrix intrinsic toughness in the following form:

st = VK(z + E,fGOXt (18)

where K¢ is the matrix toughness, E’ is the plane strain modulus of the laminate, f is the volume
fraction of ductile reinforcement, t is the reinforcement size parameter, equal to half thickness for
laminates, and oy x is the constrained flow stress of the ductile layer, equal to the Ti-6Al-4V
yield strength (970 MPa in this case). The relevant parameters and the calculated Kss values are
given in Table 3-3. Although the steady state toughness calculated from Equation 18 agree
closely with the peak R-curve values obtained from the experiments, they are nearly 3-4 times
the values calculated under SSB conditions (see Table 3-2). Equation 18, therefore, seems to
reflect the LSB rather than SSB conditions, contrary to previous suggestions by Bloyer et al.
[15]. Nevertheless, it was pointed out that the energy formulation may over-predict the
maximum toughness, and hence should be treated as an upper bound to the toughness achievable
for ductile-phase reinforced brittle composites. It was further argued by Bloyer et al. that since
the maximum toughness values calculated from the energy model are reasonably consistent with
the measured values, in spite of their over-prediction, use of the energy-based model may be
generally valid for ductile/brittle laminate composites. This apparent discrepancy between the
various data probably results from the fact that the energy method does not take into account the
extent of bridging ligaments, and hence fails to distinguish between laminate composites with
varying bridging lengths. Additionally, an important parameter that affects Equation 18 is the
thickness of the ductile reinforcements, t. The laminate composites tested by Bloyer et al. [15]
were reinforced with ductile layers that ranged in thickness between 50-250 um, whereas the
laminates tested in the current work consisted of ductile layers with thickness ranging between
200-580 um. It is suggested that the scaling of Kss in Equation 18 with the ductile layer thickness

94



FINAL Progress Report Contract Number DAAD19-00-1-0511

may not reflect the true toughness variation with thickness.

The more rigorous weight function

methods do not take into account the thickness of the Ti layers directly (in crack divider

orientation), instead they incorporate it into the volume fraction parameter, f. Hence, Equation 18

must be carefully interpreted when used to estimate laminate composite toughness.

Figure 3-14.
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Plots showing the R-curve predictions under SSB conditions. The Ti volume
fraction varied between 18% - 40%, indicated on the plots. The bridging length
and specimen width values used for the fit are given in Table 3-2.
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E. Effect of layer thickness and volume fraction

One may expect that the toughness of laminate composites scales proportionally with increasing
volume fraction and layer thickness of the ductile phase, since larger bridging zones may
develop. Several models already developed for particles or fiber reinforcements confirm such a
trend [85, 86, 93]. A review of the literature on ductile particulate or fiber reinforced composites
support that initiation toughness (Ky) is similar to fracture toughness (K,c) of the brittle matrix
[48, 50, 89]. This may be due to the fact that in such composites, cracks are predominantly
embedded inside the brittle matrix and only occasionally ‘see’ the ductile inclusions. However,
fewer studies on the effect of layer thickness in laminate composites on fracture properties have
been conducted. The only known complete studies were performed on Al(Cu, Ni)/Al,O3 [75]
and Nb/NbsAl [14-17, 19].

Both the large scale bridging model and the energy model suggest that the toughness increases
with increase in Ti volume fraction. Indeed, the resistance to crack propagation improved, in
general, with an increase in volume fraction. The peak toughness calculated from the R-curves
obtained from COD and CP gage measurements along with the toughness values estimated by
the energy model from Equation 18 and SSB model from Equation 17 are plotted as a function of
Ti layer volume fraction in Figure 3-18. All the calculations show that the peak toughness is
achieved between 33-40% Ti reinforcement, among the tested samples. It should be noted that
the layer thickness also changed between 200-580 wm. The laminates 24Ti and 25Ti that had
nearly the same volume fraction, but different Ti layer thickness, exhibited slightly differing
toughness values obtained from COD R-curve. However, the CP gage R-curve indicated very

similar behavior.

It might be expected that the crack initiation toughness (Ky) in divider laminates will also be
equal to the toughness of the brittle matrix, since the crack front is exposed to both the brittle and
ductile layers. TiNb/y-TiAl is one of the most studied and characterized ductile reinforced brittle
system [4, 6, 7, 22]. At just 20% TiNb (f,), calculated steady state toughness (Kss) (in both
orientations) indicated an increase of nearly 10 times (~46.7 MPavm) that of the matrix after 4.2
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cm of crack growth. Nevertheless, the initiation toughness was found to be comparable to the
matrix toughness of 8 MPavm. Work done on Al(Cu)/Al,O3 laminates (in DO), with f,, < 30%
(volume fraction of metal), showed that the toughness of brittle Al,O3 can be enhanced from 3.5
MPavm to nearly 20-45 MPavm [74], while the crack initiation toughness (Ky) was always equal
to the brittle phase fracture toughness of ~3.5 MPavm [73]. Bloyer et al. [15] also observed that
the initiation toughness of the composite was similar to the brittle phase toughness with layer
thickness having little effect.
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Figure 3-15. The toughness values calculated from Equation 17 and 18 compared with those
obtained from experiments (Kcop and Kcp) as a function of ductile phase volume
fraction.

Similarly, since the crack front is embedded in both the ductile and brittle layers, it was
anticipated that the initiation toughness of the laminates would be close to the intermetallic
toughness (~2 MPavm). However, in the present work, the initiation toughness of 9 MPavm
(from COD R-curves) observed in the composites was nearly 5 times the intermetallic toughness.
This may be due to any residual bridging ligaments formed during fatigue pre-cracking that
existed prior to monotonic fracture tests. The fatigue crack growth experimental data, as shown
in Figure 3-21 for the crack divider laminates, indicated similar fatigue thresholds, between 3.7 -

4.2 MPavm among various samples tested [84]. Since, all the bend specimen used in fracture
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toughness testing were fatigue pre-cracked just above threshold intensity level (~5 MPavm, see
Figure 3-18), it may be reasonable to expect the residual bridging conditions existing before the
fracture tests to be very similar and hence may have led to comparable fracture initiation

toughness.

F. General Discussion

The main aim of the current work is to appraise the feasibility of MIL composites for structural
applications, and hence determining and modeling their fracture behavior is a paramount task.
The R-curves that have been experimentally measured were correlated with weight function
methods by taking into account fairly simple crack bridging conditions. These methods have
indicated that the laminate composites exhibited superior toughness properties, on par with
monolithic conventional materials like aluminum and titanium alloys. It was seen, however, that
the resulting R-curves were measured under LSB conditions, where the bridging lengths were
comparable to the specimen dimensions (see Equation 7). Hence, by considering a semi-infinite
specimen that reflected SSB conditions, the resistance curves that were calculated suggest that
the true toughness values may be much lower than observed under LSB conditions. The key
concept that was presented by Zok and Hom [90] and illustrated in the present work is that
although the toughness values obtained under LSB conditions may reflect the fracture behavior
of structures with similar dimensions as the specimens used in the current experiments, the true
fracture properties of large structural components may be overestimated, and hence the small
specimen properties cannot be used as an inherent material property.

This is demonstrated in Figure 3-18, where the R-curves under LSB conditions for several finite
width specimens are compared with the R-curves under SSB conditions for large specimen. For
a given bridging length, such comparisons may be calculated using Equations 12 and 17. These
plots may be appropriately used to evaluate the range of possible toughness achievable in these
laminates, with the true fracture behavior lying somewhere between these limits. When small

specimens are used, such plots make it convenient to assess the true resistance curves.
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Typically, the values b/a and b/(w-a) determine the extent of bridging conditions (see Equation
7). The general approach has been to evaluate these ratios for a bridging length observed during
R-curve testing of small specimens and analyzing the observations after establishing the
appropriate bridging conditions. However, the bridging length is not unique for a given
specimen, since it depends on a number of geometrical parameters associated with the specimen
size. Evidently, for a given volume (or size) of a laminate composite, the amount of cracking in
the brittle intermetallic can be controlled by simply changing either the thickness or the volume
fraction of the ductile phase and vice versa, and, therefore, the bridging zone size may be altered.
For example, the R-curves in Figure 3-15 were obtained from specimens that were only notched
but not fatigue pre-cracked. The peak toughness values observed in these R-curves exceeded the
toughness values reported in Table 3-2 for the fatigue pre-cracked specimens. Moreover, at the
end of the test, the samples were heat tinted at 600°C for a few minutes in order to oxidize the
exposed crack plane in Ti and AlsTi layers. The subsequently fractured surfaces indicated that
the bridging zone lengths were nearly 4-6 mm (compare these values with the bridging lengths of
~2-3 mm observed in fatigue pre-cracked samples). Clearly, LSB conditions were prevalent and
to estimate SSB toughness values, specimens with widths ~100-150 mm would be required.
Therefore, at the outset, it would appear necessary to report the toughness measurements
alongside with the geometric properties for every test, and hence a general platform for
evaluating and comparing laminate composite properties may appear to evade us.

However, the problem may have a solution if it is approached in a reverse fashion. Specifically,
Is it possible to introduce sufficiently small bridging zone lengths in a small specimen such that
SSB conditions may apply (i.e., satisfy Equation 7), and hence appraise the true toughness
properties of the laminate composites? Figure 3-18 shows the optical micrographs of crack
fronts in a laminate composite during cyclic fatigue testing. The extent of cracking in the brittle
Al3Ti is less severe than under R-curve testing, as shown in Figure 3-19. Moreover, the crack
tunneling into the brittle phase ahead of the crack in Ti layer is limited, such that only ~0.6 mm
bridging zones are formed. Such reduced bridging zone lengths under cyclic loading has also
been observed for both ductile particulate reinforced brittle matrix composites and other
brittle/ductile laminate composites [15, 17]. Therefore, such small bridging zones mimic SSB
conditions for specimens tested in the present work (w ~20-25 mm). Yet, the cyclic fatigue crack
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growth data in Figure 3-19 [84] indicate that the composite laminate sustained stress intensity
factor range (AK) at failure (the upper region of the sigmoidal fatigue curve) between 25-45
MPavm. In fact, considering the load ratio, R, as 0.1, the stress intensity at failure was ~26-50
MPavm. These values are nearly 10-20 MPavm greater than the values predicted under SSB
conditions for R-curve testing. Therefore, it may appear that the SSB calculations may be

underestimating the true toughness behavior.
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Figure 3-16. Plots showing the effects of LSB on the R-curve behavior. The SSB R-curve is
also drawn for comparison.
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these with the R-curves measured from specimens that were fatigue pre-cracked
prior to fracture testing (b).
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Optical micrographs of crack fronts in a laminate composite during cyclic fatigue
testing (crack plane growth is horizontal and into the plane of the page). (a) The
crack front at an approximate crack tip in Ti layer. (b) The crack front shown here
is nearly 0.4 mm ahead of the crack tip in the Ti layer (measured by the CP gage),
suggesting tunneling of the cracks into the brittle AlsTi layer (corresponding to
the cross-section AA! in Figure 3-11) . The cross-section also indicates the
existence of a few non-coplanar cracks. The cracks in Al;Ti tunneled only ~0.6
mm ahead of the crack front in Ti layer during cyclic loading. The arrows indicate
cracks that have tunneled through the brittle layer, only a few are identified.
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This does not however reflect on the validity of the SSB model, but rather is due to the fact that
the bridging zone size may not be unique for a given composite. Hence, the toughness behavior
can be either overestimated or underestimated. The observations from the cyclic fatigue crack
growth experiments, however, appear to lie between these upper and lower bounds. They may
not be the true inherent toughness of the composite, yet they may represent closer, yet
conservative, estimates of the true toughness values. Therefore, the experimental results support
that the fatigue crack growth experiments are capable of measuring near-fracture toughness
values of ductile-brittle laminate composites without underestimating or overestimating their true
potential as tough materials. This may eventually lead to adoption of fatigue crack growth

experiments as a means of evaluating the fracture behavior in ductile-brittle laminate composites.
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Figure 3-19. Fatigue crack growth rates in crack divider orientation MIL composites. Notice
that the fatigue thresholds for the above composites lie between 3.8 — 4.7 MPavm
[84].

The added advantage is that the fatigue crack growth data is automatically obtained and hence
the parameters needed for designing the material against cyclic loading conditions are readily
available. Therefore, both the damage critical properties of fracture toughness and cyclic crack
growth data are evaluated together. The toughness values from the fatigue crack growth data

along with the data from other models and experiments listed in Table 3-2 are plotted in Figure
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3-17 for comparison. It should be noted that this approach may be suitable only for laminate
composites. It has been observed in ductile particulate reinforced brittle matrix composites that
cyclic loading nearly eliminated the bridging ligaments that spanned the crack wake [4, 13, 46,

52], and hence the approach may not be feasible or applicable in such cases.

Finally, the specific fracture toughness (AK/p) versus specific elastic modulus (E/p) of the MIL
composites is compared with various other ceramics, composites and conventional structural
alloys (like steel, aluminum etc.) in Figure 3-22 [26]. An ideal material in terms of high fracture
toughness and elastic modulus with low density should occupy the top right corner in the plot. It
can be seen that the MIL composites have higher specific toughness than other laminate systems
and are on par with many structural alloys like magnesium, aluminum, steel and titanium. Thus,
owing to the ease of fabrication, low fabrication costs, and their attractive mechanical properties,
MIL (Ti/Al3Ti) composites are promising candidates for structural applications that require

optimization in weight.
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of structural materials. Plot includes MIL (Ti-Al3Ti) composites (dark gray
colored) and other laminate systems (identified by (L) and colored in light gray),
metals, alloys and composites [26].
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IV.  CONCLUSIONS

The above studies on the fracture toughness and R-curve behavior of novel metal-intermetallic
laminate composites lead to the following conclusions:

1. Ti-AlsTi MIL composites exhibited almost an order of magnitude improvement in
toughness values over monolithic AlsTi (fracture toughness ~ 2 MPavm) with the
addition of just 20-40% by volume of ductile Ti phase in the form of continuous
layers. Furthermore, the fracture resistance increased with increasing Ti volume
fraction.

2 Significant improvement in toughness was attributed primarily to uncracked ductile
Ti layers that bridge the crack wake and shield the crack tip from far field loading.

3 The crack-initiation toughness, Ky, was nearly 5 times (~9 MPavm) the intermetallic
fracture toughness. However, due to the formation of the bridging ligaments during
fatigue pre-cracking, prior to the R-curve testing, a systematic analysis on the
variation or dependence of Ky on Ti layer thickness or volume fraction was not
available.

4 A weight function model was used to evaluate the contribution of bridging towards
such improvement in toughness values. A fit between the model and the
experimental R-curve data showed that bridging lengths varied between 2-3 mm,
closely matching the observed bridging zone lengths. Clearly, such large bridging
zones indicate large scale bridging (LSB) conditions.

5 Steady state toughness values were evaluated using models that reflected SSB
conditions. The calculations yielded toughness values nearly one-third of those
obtained under LSB conditions. It is suggested that since bridging lengths may not be
unique for a composite of given ductile layer thickness and volume fraction, and may
depend on specimen geometry, the SSB models may undervalue the toughness
improvements achievable in the MIL composites.

6 Under fatigue crack growth testing, the bridging lengths were reduced to ~0.5 mm.

Yet, the toughness values at failure were nearly 10-20 MPavm greater than the values
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predicted under SSB conditions for R-curve testing. Therefore, it is suggested that the
stress intensity at failure during an increasing AK fatigue crack growth experiment
may better predict the true toughness behavior achievable in these laminate
composites.

7 A comparison of the specific toughness versus specific elastic modulus data for MIL
composites with a host of materials that include conventional structural metals/alloys,
brittle/ductile composites and high strength ceramics suggest that the MIL composites
may be promising candidates for structural applications that require optimization in

weight.

Appendix A

The compliance change may be used to calculate the crack length using the following equation:
Lo C+CU+CU+CU* +CU* +CU° (A-1)
w

where U is given by:

e 1 (A-2)

|EvB(4w)
PS

and C; are compliance coefficients for bend specimen and equal to:
Table 3-3. Compliance coefficients for Equation (A-1)

Ci 1=0 1 2 3 4 5

0.999748 -3.9504 2.9821 -3.21408 | 51.51564 | -113.031

E is the elastic modulus, v is the displacement between measurement points, B is the effective
specimen thickness, P is the load between measurement points, a is the crack length, w is the
specimen width, and S is the span between the loading points. Fracture toughness or R-curve

behavior is then calculated by using:

K = PS\ f (ﬁ) (A-3)
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where f(a/w) is given by the function:

Gl oot

4)- 3 (A-4)
W a a 2
L)
w w
Appendix B
Table 3-4. &n() for a single edge-cracked in a finite width specimen [92]

a &i(a) &(a) &s(a) &(a) &s(a)
0.01 2 0.9765 1.142 -0.3504 -0.0912
0.05 2 1.0927 1.1506 -0.3662 -0.0819
0.1 2 1.4187 1.1378 -0.355 -0.0763
0.2 2 2.5366 1.2378 -0.3474 -0.0562
0.3 2 4.2381 1.6796 -0.4095 -0.0188
0.4 2 6.6359 2.8048 -0.6105 0.0394
0.5 2 10.022 5.4999 -1.3401 0.2178
0.6 2 15.036 11.878 -3.6067 0.7858
0.7 2 29.519 45.507 -18.928 4.8834
0.8 2 38.813 78.752 -36.596 9.8172
0.85 2 53.846 151.21 -79.015 22.27
0.9 2 82.687 351 -207.09 60.859
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Figure 3-21. The non-dimensional factor Y (a/w, b/a) (see Equation 11) for single edge crack in
a finite width specimen, with uniform tractions in the wake of crack tip. For better
clarity, Equation 11 is plotted above in two figures for different a/w ratios.
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Appendix C
Table 3-5. &n(a) for a single edge-cracked in a semi-infinite specimen [92].
n=1 2 3 4 S
& 2.0 0.9788 1.1101 -0.3194 -0.1017
12
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Figure 3-22.  The non-dimensional factor Y(b/a) (see Equation 16) for single edge crack in a

semi-infinite specimen, with uniform tractions in the wake of the crack tip.
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SECTION 4: EMBEDDED PIEZOELECTRIC SENSORS IN MIL COMPOSITES
Introduction

Many of the existing embedded sensor concepts have been applied predominantly to polymer
materials (e.g. [1, 2]). One of the primary reasons for the popularity of polymer matrices from
the point of view of embedding sensors is that the polymers offer the advantage of low
processing temperatures (maximum 300-400°C). Consequently, one does not have to generally
worry about damaging the sensors (except polymeric sensors such as piezoelectric PVDF) or
degrading their performance due to the temperature encountered during the embedding

procedure.

On the other hand, embedding sensors within metallic materials invariably requires high
temperatures that easily exceed 600°C (e.g. for aluminum matrix) and maybe in the range of
~1000°C (for steels, superalloys etc.). Consequently, only a few researchers have tried to embed
sensors within metallic structures. In one approach, Asanuma et al. [3-7] have developed a two-
step inter-phase forming/ hot pressing technique to embed glass optical fibers in an aluminum
matrix. Although molten aluminum can react with the glass optical fiber, the optical fiber
survived the fabrication process since the molten metal (a Cu-Al eutectic) was in contact with the
optical fiber for only a short time (5 minutes or so). Further, the best results were obtained when
the hot pressing step was carried out in a low vacuum rather than in air. In another approach,
Paolozzi et al. [8] used an aluminum-coated optical fiber and embedded it in an aluminum matrix
during casting. Again, the optical fiber survived the fabrication process owing to the short
duration for which the fiber was in contact with the molten metal.

In the present research, MIL composites were fabricated in open air with the aim of embedding
piezoelectric sensors within these composites. As described elsewhere [9, 10], MIL composites
are generally fabricated by reacting alternate layers of Ti and Al at temperatures between 660°C
and 750°C with the reaction occurring typically over 6-8 hours. The molten Al reacts with Ti to
form Al3Ti, resulting in a final structure comprising alternate layers of residual Ti and AlsTi (see
Figure 4-1). Clearly, any attempt to embed sensors within such a metallic composite structure
needs to ensure that the sensors survive the entire fabrication process that lasts hours instead of
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minutes [7, 8]. The motivation for embedding piezoelectric sensors within MIL composites was
that a network of piezoelectric sensors could be used to locate external impacts on the structure,
such as those caused by projectiles. Additionally, piezoelectric sensors could be connected in an
electrical shunt circuit to dissipate the vibration energy of a structure in the form of electrical
heating. Although the use of piezoelectric sensors for impact detection [2, 11-13] or energy
dissipation [14-17] is not new, the matrix in these as well as in most of the other reports, is
polymer based. In the present paper, we will describe techniques to safely process piezoelectric
sensors at high temperatures in metals, in the presence of molten aluminum, for extended
duration of time, and without damaging the sensors or degrading their performance. The
algorithms developed for impact location detection and the results on vibration damping are also
described.

Experimental Procedure

Sample Fabrication

The basic materials used in the fabrication of the MIL composite were 0.508 mm (0.020) thick
Ti-6-4 alloy sheets and 0.610 mm (0.024”) thick 1100 Al alloy sheets. The fabrication of the
composite with embedded piezoelectric sensors can be divided into five steps:

Step 1: Several Ti-6-4 alloy sheets and 1100 Al alloy sheets were stacked alternately and reacted
to form two MIL composite plates, each approximately 8.255 mm (0.325”) thick. This
fabrication process has been described in detail elsewhere [9, 10].

Step 2: Four 19.05 mm diameter (0.75”) holes were machined out in an un-reacted stack (total
height ~3.81 mm (~ 0.150”)) of alternately placed Ti-6-4 sheets and 1100 Al alloy sheets. A
close-fitting titanium ring, with a hole machined in its wall, was inserted in each of the four holes
in the sheets. Rectangular slots were machined in the sheets, adjacent to each of the holes and a
steel tube placed in the slot. One end of the steel tube was inserted into the hole in the titanium
ring, while the other end of the tube extended outside the stack. Figure 4-2 shows a schematic of
the assembly. Thus, at the end of the second step, one has an un-reacted stack of Ti and Al
sheets with titanium rings and steel tubes placed in their appropriate locations.
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Step 3: The assembly of the second step was compressed in a load frame at ~600°C for several

hours to diffusion bond the Ti and Al layers, and then cooled down.

Step 4: The piezoelectric sensors were carefully placed in their respective holes. Individual lead
wires of a sensor were passed through a two-hole alumina tube placed within the steel tube (see
Figures 4-3a and 4-3b). The sensors are then sealed in the cavity using a high-temperature
cement paste (Ceramabond 571, Aremco Products, USA) which is then cured for several hours at
room temperature followed by curing at ~100°C.

Step 5: One pre-reacted plate (from step 1) was placed on each side of the stack containing the
sensors (step 4), and then processed in the same manner as in step 1. A photograph of the
finished sample is shown in Figure 4-4.

The piezoelectric sensors chosen in this work were 36° Y-cut LiNbO3 crystals (Boston Piezo-
optics, Massachusetts, USA) since their Curie temperature (~1200°C [18]) is higher than the
maximum temperature (750°C) encountered during the fabrication. The crystals were 12.7 mm
(0.5”) in diameter and 19.81 mm (0.78”) tall with a co-axial electrode pattern. In a preliminary
experiment, a LINbO3 crystal was mounted on a steel plate that was then impacted by a steel rod
(see Figure 4-5a). The output from the crystal was recorded via digital oscilloscope.
Subsequently, the crystal was heated in a furnace and subjected to the temperature profile similar
to what it would encounter during the fabrication of the MIL composites. Following this heat
treatment, the crystal was remounted on the steel plate and its output recorded for the identical

mechanical impulse as before.

Triangulation Algorithm for Impact Location Detection

In the triangulation scheme developed here, the value of the wave speed in the MIL composite
plate is not required, but is assumed constant for the purpose of triangulation calculations. The
transducer signals were captured by a 4-channel, 25 MHz bandwidth per channel, digital
oscilloscope. The triangulation scheme was implemented in a MATLAB script that computes
the difference in the arrival times of the signals at the sensors. Instead of manually providing an
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initial guess of the impact location, the computer program itself determines an initial guess of the
impact location and then iteratively determines the exact impact location. A detailed description

the methodology is given in [19].

Vibration Damping using Shunt Circuit

Two types of shunt circuits; resistive and a resistor-inductor-capacitor (RLC) circuit, were
investigated for vibration damping of the MIL plate. Each of the four embedded piezoelectric
sensors was connected in its individual, but identical, electrical circuit. The mechanical input to
the plate was provided by an acoustic speaker. The 3rd damping mode of the MIL plate was

analyzed. A detailed description the experimental methodology is given in [19].

Results & Discussion

Figure 4-5b shows the output of a LiNbO; piezoelectric sensor before and after heat treatment.
The sensor output shows that the performance of the LiNbOj3 crystals is not degraded after being
subjected to high temperature heat treatment used in the present research. The high Curie
temperature of the LiNbO; crystals was instrumental in ensuring that their piezoelectric
performance did not degrade even after exposure to 650-750°C for several hours. The proper
height of the titanium ring inserts, as well as the stiff pre-reacted layers placed above and below
the cavities, ensured that molten aluminum did not infiltrate the cavities. In initial trials when
the cavities were not perfectly sealed, molten aluminum infiltrated the cavities and reacted with
LiNbOs crystals, thus, completely destroying the sensors. Therefore, proper sealing of the
cavities is absolutely essential for the success of this process. The high temperature cement,
within which the LiNbO; sensors were encapsulated inside the cavity, acted as a back-up
protection against any possible molten aluminum infiltration. The cement also acted as a
medium through which the vibrations in the plate were transmitted to the LiNbO3 sensors. Each
sensor had two lead wires and each of these wires was passed through a hole in the double-holed
alumina tube. This separation of lead wires ensured that the wires never came in contact with
each other. The protective steel tube placed around the alumina tube ensured that even if the
alumina tube cracked or broke during processing, molten aluminum could not infiltrate the tube

and short the lead wires to the rest of the metallic plate. Finally, the load applied to the MIL
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plate during processing was substantially lower than the failure strength of the LINbO;3 crystals,
thus, ensuring that the crystals did not fracture during processing.

Figure 4-4 shows the finished MIL sample and the locations of the embedded sensors are marked
with an “X”. Whether the LiNbO; crystals survived the processing or not was determined by
hitting the plate and checking for output from each of the sensors, as well as by checking that the
lead wires were electrically isolated from each other and the rest of the plate. The present
approach of embedding sensors is more robust than those in the literature [3-8] since the
processing temperature is higher and the duration at the high temperature is longer than
encountered in the earlier approaches.

Triangulation based algorithm was developed to determine the impact location. Figure 4-6
shows the locations at which the MIL plate was impacted as well as the locations determined via
the triangulation scheme. The correspondence between the actual and the calculated locations
was quite good and the program was able to determine the impact location within an error of
10%.

RESULTS OF IMPACT LOCATION BY MODAL ANALYSIS FOR MIL?

Based on the analysis of Hagood and van Flowtow [20], the optimum resistor for the resistance
shunt circuit that maximizes the damping was calculated to be 3Q [19]. Similarly, the optimum
capacitance, resistance and inductance for the case of a resonant shunt circuit with maximum
damping were calculated to be 26.93 uF, 81 mQ and 270 uH, respectively [19]. Figure 4-7
shows the shape of the 3rd mode of a completely free square plate, which, in the present work
corresponds to a frequency of 1856.3 Hz for the MIL plate. Figure 4-8 compares the frequency
response function of the MIL plate with and without damping circuit. It can be seen in Figure 4-
8 that the MIL plate shows an increase in damping of ~30%, from 0.24% to 0.31%, with the
inclusion of the piezoelectric sensors in a resistive shunt circuit. On the other hand, the damping
ratio increases by ~90%, from 0.24% to 0.46%, if the piezoelectric sensors were, instead,

connected in a resonant shunt circuit.
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The present research overcomes the two main limitations with regards to embedding sensors in
metallic materials; high processing temperature and the presence of molten metal. Owing to the
above limitations, most of the embedded sensing work to date has been restricted to polymer
composites. The processing techniques developed in this work open the door to embedding
sensors within metallic materials, using Ti-Al3Ti metallic-intermetallic composites as an
example of the working material. As has been shown in the literature, Ti-AlsTi MIL composites
have excellent mechanical properties [9, 10, 21]. Therefore, Ti-AlsTi MIL composites are
excellent candidates for armor/non-armor structural applications.  Additionally, in these
applications, a network of embedded sensors within the MIL composites could be used for
monitoring the health of the MIL structure, for determining the impact location of incident
projectiles in armor applications and for damping the structural vibrations to provide a more

“silent” structure.

Conclusions

Robust techniques were developed to embed piezoelectric crystals in metallic-intermetallic
laminate composites. The techniques developed ensured that the sensors survived the high-
temperature processing as well as were protected against the molten aluminum formed during the

processing.

The embedded piezoelectric sensors were successfully used in conjunction with triangulation
based algorithm to determine impact locations, thus, opening doors for the MIL composites in

armor applications.

The embedded piezoelectric sensors were connected in a resistive shunt or a resonant shunt
circuit so as to damp the mechanical vibrations of the MIL plate through electrical joule heating.
Compared to the undamped plate, the damping ratio of the MIL plate increased by ~30% and
~90%, respectively, when it was connected in a resistive or resonant shunt circuits with

optimized electrical elements.
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Figure 4-1: A SEM image of typical TI-AlsTi metallic-intermetallic laminate (MIL)
composite. The dark layers are AlsTi while the bright layers are titanium.
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Figure 4-2: A schematic of the sensor layout in the MIL composite.
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Figure 4-3: (a) A detailed schematic of the cross-section of sensor position within the cavity.

(b) A top-view of the sensor within the cavity showing the titanium ring lining the
cavity, the lead wires and the protective steel and alumina tubes.
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Figure 4-4: A photograph of the finished MIL composite sample with sensors embedded at
locations marked with a circle. The electrical leads of each of the sensors, coming
out of their respective protective tubes, can be seen.
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Figure 4-5:
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(a) A schematic of the setup to check the output response of a piezoelectric sensor
in the as-received condition and after exposing it to high temperature. (b)

Response of the piezoelectric sensor before and after exposure to high
temperature.
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Figure 4-6.  Results of the determining impact location on the MIL plate via the triangulation
scheme.
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(a)
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Figure 4-7.  The 3rd mode shape of a completely free square plate: (a) FEM calculation, (b)
numerical approximation based on FEM results, and (c) least squares
approximation.
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Figure 4-8.  Frequency response functions of the MIL plate at Mode 3. The damping factor, C,

is listed for each the experimental conditions; without any damping, with resistive
shunt and with resonant shunt damping.
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