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Effects of Ductile Phase Volume Fraction on the Mechanical Properties of  

Ti-Al3Ti Metal-Intermetallic Laminate (MIL) Composites 

 

by 

 

Richard David Price 

 

Master of Science in Engineering Sciences (Mechanical Engineering) 

University of California, San Diego, 2010 

Professor Kenneth S. Vecchio, Chair 

 

 

The mechanical properties of Ti-Al3Ti metal-intermetallic laminate (MIL) composites 

have been investigated with an emphasis on the effect of residual Al at the intermetallic 

centerline on failure mechanisms in order to ascertain the possible success or failure of using 

Ti-6Al-4V instead of Ti-3Al-2.5V.   MIL composites consisting of alternating layers of Ti, Al, 

and the intermetallic phase Al3Ti were synthesized by reactive foil sintering in open air.  Six 

initially identical stacks of alternating Ti-3Al-2.5V and 1100-Al foils were processed for 

different lengths of time, yielding specimens with different metal and intermetallic 

compositions.  Samples were cut from each composite plate (in layer orientations parallel and 



xix 

 

perpendicular to the intended load direction) for mechanical testing in compression and four 

point bending, under quasi-static and high strain-rate loading conditions.  Examination of the 

specimens and their fracture surfaces by optical and scanning electron microscopy was 

performed to establish a correlation between the failure mechanisms present, composite 

strength, and composition.  Results indicated that regardless of loading direction, cracks 

always initiated in the intermetallic region, and crack propagation and failure were heavily 

influenced by the thickness of the residual aluminum layers.  There is an ideal residual 

aluminum volume fraction that represents the amount of ductile reinforcement able to most 

effectively contain the oxides and impurities between intermetallic layers and thereby improve 

the mechanical properties of the MIL composite. 
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Chapter 1 

Introduction 

Several plates of a Ti–Al3Ti MIL composite have been produced from titanium and 

aluminum foils by a controlled reaction process in open air incorporating high temperature and 

pressure.  The microstructures of these metal-intermetallic laminate composites can be 

designed to optimize the desirable characteristics of their constituent components, the end 

result being a material possessing the high strength and stiffness of the intermetallic phase and 

the high toughness and ductility of the residual metals.   The volume fraction of each 

component in the laminate is determined both by initial foil thickness and the synthesis 

process, which allows for fine tailoring of the bulk mechanical properties of the material for 

specific applications.  There are several advantages of this approach to MIL fabrication that 

make it a viable large scale structural material: one, the use of commercially available foils 

lowers cost; two, the use of ductile foils allows for the fabrication of non-planar structures [1]. 

Some of the previous research in the Ti-Al3Ti laminate system incorporated Ti-6Al-4V [8, 39, 

43, 42, 51 52], which has more desirable mechanical properties than Ti-3Al-2.5V, but 

possesses an oxide-rich surface finish (a product of the hot-rolling process).  Additionally, the 

composites produced were ―fully reacted,‖ such that no elemental aluminum remained in the 

microstructure.  Results from those studies showed that failure in mechanical testing was 

heavily influenced by the oxides that accumulated at the intermetallic ―centerline‖ where the 

aluminum layers had been.  The present research uses the less oxide-heavy Grade 9 titanium 

(Ti-3Al-2.5V) to investigate the possible benefits allowing layers of aluminum to remain in 

the MIL composite to reinforce the intermetallic centerline. 
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Tests will be performed to examine how compressive strength and fracture toughness 

change with respect to the thickness of the residual aluminum layers.  In addition to quasi-

static compression and bending, high strain-rate tests will be performed to characterize 

behavior under dynamic loading.  Dynamic performance of the compostes is important given 

the applications to the aerospace industry.  The primary goal is to establish whether or not a 

residual aluminum layer increases the performance of the Ti-Al3Ti laminate composite in 

order to ascertain the possible success or failure of using Ti-6Al-4V instead of Ti-3Al-2.5V. 

Chapter 2 will provide a background of information regarding the basic concepts 

behind laminate composites and intermetallics, as well as the physical properties of the metals 

involved.   Other research in the field of MIL composites will be reviewed, with an emphasis 

on work done on other aspects of the Ti-Al3Ti system.  A description of the production 

method will be provided with an overview of the kinetics of reactive foil sintering.  General 

laminate strengthening and ductility properties will be discussed, focusing on the theory of 

ductile/brittle reinforcement as well as concepts of fracture mechanics and toughening 

mechanisms.   This background will be necessary to evaluate the mechanical behavior of the 

laminate composites.   

A description of the composite synthesis process will be detailed in Chapter 3, 

including the materials used, foil preparation, the working apparatus, and the control 

methodology used during fabrication.  Post-fabrication characterization with optical and 

scanning electron microscopy (SEM) will be discussed, as well as sample preparation for 

mechanical testing.  The quasi-static and high strain-rate compression and four point bend 

testing procedures will be explained, including the basic theory behind the split-Hopkinson 

Pressure Bar. 

Chapter 4 contains the results of work completed, as well as the discussion thereof.  

SEM micrographs of representative composites produced are shown, and the volume fractions 
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of each sample are tabulated.  The range of residual aluminum content varies across the 

sample set from 48% to <1%.  In quasi-static compression testing where the applied load is 

perpendicular to the composite layers, the observed trend is a general increase in yield stress 

with decreasing residual aluminum content, though primarily motivated by increasing 

intermetallic content.  However, when loaded parallel to the composite layers, a decrease in 

yield stress is seen below a certain Al volume fraction (corresponding to the onset of a failure 

mechanism).  A similar trend is seen in high strain-rate compression tests.  Throughout all 

failed samples, delamination and laminar boundary fracture occurs primarily at Ti-Al3Ti 

interfaces, indicative of a strong bond between Al3Ti and residual Al.  In quasi-static four 

point bend testing of crack-divider samples, a decreasing trend exists with no indication of a 

change in microstructural behavior.  The intermetallic phase fails by brittle cleavage, and the 

Ti and Al layers fail by microvoid coalescence, necking, and tearing.  Crack-arrester samples, 

however, do show a trend indicative of an optimal residual Al content (similar to the 

compression test results).  In the arrester orientation, samples fail by delamination and 

intermetallic layer cracking, and exhibit several extrinsic laminate strengthening mechanisms.  

High strain-rate bend tests show very similar results to quasi-static tests, with the exception of 

the crack-divider orientation: a peak is seen corresponding to the optimal aluminum volume 

fraction of parallel-oriented samples tested in quasi-static and dynamic compression. 

This chapter is currently being prepared for submission for publication of the material.  

The dissertation author was the primary investigator and author of this material. 
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Chapter 2 

Background 

2.1 Metal-Intermetallic Laminate Composite Materials 

Metal-Intermetallic composites are hybrid laminate structures designed to optimize 

the desirable mechanical qualities of intermetallics by incorporating layers of ductile 

reinforcement.  The macrostructure of the Ti-Al3Ti MIL is composed of bonded layers of 

titanium, aluminum, and the intermetallic phase titanium tri-aluminide (Al3Ti).  Al3Ti is 

formed during a sintering process that consumes an amount of Al and Ti related to initial foil 

thickness and processing parameters.   Because brittle intermetallics have strength without 

toughness, great effort has been made to reinforce them with particles [2-5], fibers [2-4, 6-8], 

and layers of ductile metals [4, 9-14].  Two of the basic principles behind ductile phase 

reinforcement are: one, the generation of zones of bridging ligaments by crack-particle (or 

laminate) interactions that restrict crack propagation by means of closure tractions in the crack 

wake; two, increasing fracture resistance by employing the work of plastic deformation in the 

ductile phase.   

An intermetallic forms when the bond strength between unlike atoms is stronger than 

between like atoms, and the crystal structure is determined by the strength and character of the 

bonding.  Binary titanium tri-aluminide possesses a very stable crystalline structure, D022, 

which has tetragonal symmetry and long-period order.  The orbital on the central Al atom is 

strongly polarized: bonding with second neighbor Al atoms and anti-bonding with second 

neighbor Ti atoms.  Off-center Al atoms, however, are bonded (as opposed to anti-bonded) 

with the second neighbor Ti atoms.  These anisotropic bonds lead to structural stability, but 

they increase the resistance of atoms on crystallographic planes to displacement under applied 

stress [15].  The slip process necessary for plastic deformation is inhibited, which makes the 

bulk material very brittle.   
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The Young’s modulus of polycrystalline Al3Ti is 216 GPa [16], which is higher than 

other titanium aluminides. Figure 2.1 [17] shows the effects of increasing temperature on the 

compressive yield stress and tensional elongation of Ti and several Ti-Al intermetallics.  As 

far as Ti, TiAl and Ti3Al are concerned, the positive temperature dependence of σy is 

anomalous compared to other metals; the yield strength rises and then falls as the temperature 

increases.  The temperature dependence of Al3Ti is less marked.  At low temperatures, the 

major deformation mode is ordered twinning in (111)[11¯ 2] and slip along the [110] and [100] 

directions.  At high temperature, (001)[110] slip and twinning deformation in (111)[11¯ 2] 

provide a slight increase in ductility. Figure 2.2 [19] shows very sharp ductile/brittle 

transitions in the temperature dependence of ductility in intermetallic compounds.  In 

comparison to other titanium aluminides, the high aluminum content of Al3Ti produces several 

desirable properties: low density (3.3 g/cm
3
), higher oxidation resistance than Ti3Al and TiAl.  

 

 

Figure 2.1 - Temperature dependence of (a) the compressive yield stress and (b) tensile elongation 

of several Ti-Al compounds [17]. 
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Figure 2.2 - Temperature dependence of ductility of some intermetallic compounds with high 

melting points [19]. 

 

Due to the low free energy of formation and fast diffusivity, Al3Ti is the first 

aluminide to form during the reaction between Ti(s) and Al(l) [20].  As seen in the Ti-Al 

phase diagram in Figure 2.3 [21], the formation of TiAl2 and TiAl5 requires a series of 

solid/liquid or solid/solid reactions with TiAl.  Ti3Al and TiAl are titanium rich and thus do 

not form if excess Al(l) is present at the start.  Al3Ti is a line compound that melts 

incongruently at 1340 °C.   

On the periodic table, titanium is a group IVA transition metal.  Structurally, it has an 

HCP lattice (space group P63/mmc) that changes into body-centered cubic at 882 °C.  

Titanium has a high tensile strength to density ratio, high corrosion resistance, high fatigue 

and crack resistance, and good resistance to creep at elevated temperatures.  Its modulus of 

elasticity is 116 GPa, its molar mass is 47.9 g/mol, its density is 4.5 g/cm
3
, and it melts at 

1660 °C.  Titanium is as strong as some steels and is 45% lighter.  Commercially pure 

titanium contains up to 0.6% contaminates (oxygen, carbon, iron, nitrogen), which leads to a 

range of yield strengths from 275-689 MPa among grades [22]. 
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Figure 2.3 - The Ti-Al phase diagram showing the location of Al3Ti [21]. 

 

Aluminum is in group 13 in the periodic table, and has a face-centered cubic (FCC) 

crystal lattice at room temperature.  Its melting point is 660.4 °C. Aluminum has a Young’s 

modulus of 70 GPa (nearly half that of titanium), and a shear modulus of 26 GPa.  The yield 

strength of pure aluminum is 7–11 MPa, while aluminum alloys have yield strengths ranging 

from 200 MPa to 600 MPa [23].  Its atomic weight is 27 g/mol and its density is 2.7 g/cm
3
 

(half that of titanium).  

 

2.2 Synthesis of Ti-Al3Ti Laminate Composites 

2.2.1 Review of Synthesis Methods 

Researchers at the US Bureau of Mines fabricated Ti-Al3Ti laminate composites using 

a vacuum hot press furnace [24-26].  Their study showed that metal-intermetallic composites 

can be formed through a self-propagating, high-temperature synthesis reaction (SHS) at the 
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interface between metal (Fe, Ni, or Ti) and Al foils [24].  The processing technique involved 

placing a stack of alternating Ti and Al foils between the platens of an induction-heated 

vacuum hot press.  The stacked foils were heated to 900 K and held for an hour with no 

pressure applied.  During this stage the SHS reaction took place, and no pressure was applied 

to prevent molten aluminum from being squeezed out the sides of the sample.  The samples 

were then heated to 1000 K for 15 minutes, thermally aged, densified under pressure (27.5 

MPa and 1100 K) for an hour, then furnace cooled to room temperature. They claimed that an 

increase in temperature (recorded by embedded thermocouples) before the melting point of Al 

was evidence of the SHS reaction [26].  The generated heat melts the aluminum, which then 

reacts with Ti to precipitate a solid intermetallic.   

The results of this process can be seen in Figures 2.4 and 2.5 [24].  Beginning with Ti 

and Al foils of equal thickness (0.15mm), a layered composite was produced (Figure 2.4 [24]) 

with Ti and Al3Ti layer thicknesses of 0.044 and 0.111 mm, respectively.  They also produced 

a composite with an initial Ti thickness of 0.25mm and an Al thickness of 0.15mm (not 

shown).  A comparison of the stress-strain curves for these two composites (Figure 2.5 [24]) 

clearly shows the effect of initial layer thickness on the mechanical properties of the fabricated 

MIL.   
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Figure 2.4 – Microstructure of the Ti-Al layered composite produced in vacuum from 0.15 mm 

thick Ti and Al foils at (a) low magnification and (b) high magnification [24]. 

 

 

 

Figure 2.5 – Effect of initial foil thickness on the tensile behavior of a Ti-Al3Ti MIL composite 

fabricated in vacuum via SHS [24]. 
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Other researchers produced Ti-Al intermetallic composites by reactive annealing and 

hot pressing rolls of pure titanium and aluminum foil [27].  This process, which the 

researchers deemed reactive foil metallurgy, was based on reactive isostatic pressing (HIP) of 

a cold-extruded titanium-aluminum elemental powder mixture.  A coil of alternating layers of 

Ti and Al was encapsulated in a titanium can (grade 2 Ti), which was evacuated and welded.  

The coil was then reaction annealed at 625 °C (below the liquidus temperature of aluminum) 

for 28 hours, and then isostatically pressed at 1300 °C and 2000 bar for 65 minutes.  During 

the reaction anneal, all the aluminum reacted with part of the titanium to form the intermetallic 

Al3Ti.  After the annealing, the former coil of elemental foils consisted of alternating layers of 

Al3Ti, Ti, and voids.  Specimens produced by foil metallurgy had relatively low oxygen 

contents and a duplex layer structure, as seen in Figure 2.6 [27].     

 

 

 

 

 

 

 

Figure 2.6 – Optical micrograph of MIL composite microstructure formed by reactive foil 

metallurgy.  HIP reaction at (a) 1300 °C, 65 min and 2000 bar and (b) 1390 °C, 70 min and 2000 

bar [27]. 
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Researchers in Japan fabricated an Al3Ti-reinforced Ti matrix composite by a 

combination of combustion synthesis and pulsed-current hot pressing (PCHP) processes [28].   

A stack of alternating elemental foils was heated past the melting point of aluminum, and the 

resulting combustion synthesis reaction at the foil interfaces yielded the formation of porous 

Ti-aluminides.  The pores were eliminated through PCHP, during which a high electric current 

was applied to the sample, causing spark discharge, evaporation, and melting.  The latter two 

events were highly localized to voids and pores.  A composite formed with this process can be 

produced at low temperatures without being time-intensive.  Figure 2.7 [28] shows the results 

of the combustion synthesis/PCHP process.  The three images in the left column show a 

laminate structure that had initial Ti and Al foil thicknesses of 0.04 and 0.012 mm, 

respectively.   The right three images are of a composite with the same initial Ti thickness and 

a doubled Al thickness.  The authors found that all the aluminum present initially alloyed to 

form Ti-aluminides during PCHP.  Each composite contained layers of several different 

aluminides, including: Al2Ti, TiAl, Ti3Al, Ti3Al.  Due to processing conditions, the Al3Ti 

layer was composed of many grains and grain boundaries, suggesting weak bonding between 

grains.  In both composites, Al content in the Ti layer decreased with increasing distance from 

the central part of the layered aluminides. A solid solution of Ti matrix was formed by Al 

diffusion, caused by the evaporation and melting of the interface between Ti and the 

aluminides.  The presence of this solid solution was not reported in other combustion 

synthesis methods [24].  Regardless, their results showed that the thickness of the Al3Ti layer 

in the final composite could be controlled by the initial Al foil thickness.  
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Figure 2.7 - Layered structure of two composites formed from a pulsed-current hot pressing 

method.  The presence of several other aluminide layers can be seen in the magnified images [28]. 
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2.2.2 Reactive Foil Sintering 

The methods reviewed previously [24-28] all involve reactions that take place in 

vacuum, and therefore have inherent limitations.  Harach and Vecchio [29] established a 

method to synthesize Ti-Al3Ti MIL composites in open air.  The ability to perform the 

fabrication process outside the confines of a vacuum chamber decreases apparatus cost and 

processing time, while increasing geometric flexibility.  These qualities of an open air process 

make MIL sheet fabrication more viable when considering applications in the aerospace 

industry.   

The present research utilizes this fabrication method—its creators deemed it reactive 

foil sintering—so the exact procedure will not be explained in this section (see Section 3.1).  

However, the Ti-Al reaction mechanism and the reaction kinetics have been explored in detail 

[20, 29-34].  Via a series of interrupted reaction steps, the kinetics of the process were 

determined to be divisible into two linear regimes, as shown in Figure 2.8 [29].  The first 

region represents a linear relationship between diffusion-based intermetallic growth and time: 

diffusion of Al through a thin layer of aluminum oxide (Al2O3) reacts with Ti to form the 

intermetallic phase Al3Ti.  At this stage the oxide layer blocks the diffusion of Ti.  Layer 

growth is linearly dependent on time in the early stages of diffusion when oxide films are 

present [31].  Aluminum was found to be the only diffusing species.  

The second region is a much steeper linear relationship, marking the evolution of the 

intermetallic layer and the breakdown of the oxide layer.  The reaction that forms Al3Ti is 

exothermic, so diffusion eventually increases to the point where the temperature rises past the 

melting point of Al.  The presence of liquid Al then allows reacting Al3Ti to migrate away 

from the Ti layer, signifying the change in aluminide formation from a diffusion-controlled 

process to a faster, reaction-controlled process (consistent with early research [32]).  Some 

research [32, 34] suggests that the formation of Al3Ti proceeds as a continuous aluminide 
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layer that cracks and fissures under stress.  This detaches aluminide particles from the reaction 

front, exposing unreacted Ti to the molten Al.  The studies by Harach and Vecchio support 

this theory, that as the liquid aluminide phase forms it becomes a sphere, solidifies, and is 

ejected into the molten Al.  Thus, a continuous reaction interface is maintained, which enables 

a high reaction rate.  When the interface moving upward away from one layer meets its 

reciprocal moving downward from the next layer, the migration ends and the oxides at the 

front of each interface come together to form the centerline of the intermetallic layer.  This 

centerline can vary in strength depending on the amount of oxide present, which is controlled 

by several factors: initial foil preparation (oxide removal), processing conditions, foil 

composition and purity, and foil thickness.  Comparing Figure 2.9 [29] to Figure 2.7 [28] 

illustrates the benefits of the reactive foil sintering process when considering the aim is to 

create a laminate in which the only aluminide phase present is Al3Ti.   

 

 

Figure 2.8 - Intermetallic layer thickness vs. reaction time based on interrupted reaction studies 

of the reactive foil sintering process [29]. 
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Figure 2.9 - EDS spectra across an entire intermetallic layer of a sample prepared by reactive foil 

sintering confirming the intermetallic region is Al3Ti with no other phases present [29]. 

 

2.3 Ductile/Brittle Modeling 

2.3.1 Toughening Mechanisms in MIL Composites  

In fracture mechanics terms, the extension of a crack is driven by the presence of a 

"'crack-driving force" (generally described by a field-characterizing parameter) and opposed 

by the resistance of the microstructure [35].   Strain and deformation fields are characterized 

in terms of the stress intensity factor, KI, or the path-independent integral, J.  To restrain the 

advance of a crack, it is possible to toughen a material by changing its composition or 

microstructure.   

Crack propagation in laminate composites can be studied in two extreme orientations.  

In compression tests, the layers can be either parallel or perpendicular to the applied force.  

The same applies to bending tests, but in that case the two orientations are referred to 

specifically as crack-divider (parallel) and crack-arrester (perpendicular).  In the arrester 

orientation, the crack tip or notch (using a single-edged notched bend beam) terminates in an 
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individual layer of the sample.  During loading the crack front propagates through each layer 

interface sequentially.  In the divider orientation, the crack front intersects all the layers of the 

sample simultaneously.  

In order to fully utilize the strength of inherently brittle compounds, methods have 

been proposed to increase their crack-growth resistance.  Toughening mechanisms fall under 

two categories: intrinsic and extrinsic [19, 36-40, 43].  Figure 2.10 [38] illustrates the 

difference between the two classifications.  By considering crack growth as a balance between 

intrinsic damage mechanisms, which promote crack extension ahead of the tip, and extrinsic 

crack-tip shielding mechanisms, which impede crack growth primarily behind the crack tip, a 

commonality of behavior between the fatigue of ductile and brittle materials can be found 

[35]. 

 

 

 

Figure 2.10 - Diagram of mutual competition between intrinsic mechanisms of damage/crack 

advance and extrinsic mechanisms of crack-tip shielding involved in crack growth [38]. 
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Intrinsic toughening is a case where the microstructure exhibits an inherent resistance 

to crack propagation.  This resistance can be attributed to grain size and morphology, particle 

size and spacing, ductility, bond strength, alloying elements, precipitates, and anything else 

that can influence dislocation mobility or plastic-zone dimensions [35].  In metals, intrinsic 

damage mechanisms typically involve processes which create microcracks or voids, e.g., by 

dislocation pile-ups or interface decohesion in the highly stressed region ahead of the crack tip 

[38].  This leads to failure by cleavage, intergranular cracking, or microvoid coalescence.  

Thus, intrinsic toughening is brought about by plastic deformation, where a large plastic-zone 

size and crack-tip blunting yield high toughness [39].  It is important to note that intrinsic 

mechanisms are inherent properties of a material, and are independent of crack length and 

specimen geometry.  

Intermetallic compounds permit very little dislocation motion, and so have almost no 

intrinsic resistance to crack propagation.  Failure in a brittle material occurs when the crack 

driving force reaches or exceeds the fracture resistance (KIC or GIC) of the material.  Increasing 

the toughness of a brittle material by incorporating a ductile phase in the form of particles, 

fibers, or lamina is one example of an extrinsic mechanism.  Most extrinsic toughening 

mechanisms act behind the crack tip to reduce the local stress intensity (i.e. the local ―driving 

force‖ for crack growth) by mechanical, microstructural, or environmental means.  Extrinsic 

factors contributing to the brittle nature of intermetallics include interstitial impurities, 

notches, and other surface defects [19].  The distinct layers present in MIL’s toughen brittle 

materials by way of various extrinsic mechanisms—shown schematically in Figure 2.11 

[36]—resulting from the creation of plastic zones surrounding the crack or from physical 

contact between the crack surfaces via wedging, bridging, sliding or combinations thereof.   
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Figure 2.11 - Extrinsic toughening mechanisms for laminated metal composites [36]. 

 

Six major extrinsic toughening mechanisms exist that are dependent on orientation 

[36].  One is crack deflection, which can be seen in crack-arrester samples.  This mechanism 

occurs when layers delaminate ahead of an advancing crack, or when a crack reaches an 

interface.  Crack deflections (up to 90°) can reduce the local stress intensity by leading the 
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crack away from the planes of maximum stress.  Crack deflection is independent of the 

volume fraction of the metallic phase. 

 Crack Blunting (crack arrester orientation) occurs when a crack encounters a ruptured 

region and is deflected and blunted.  A significant amount of energy is required for a crack to 

re-nucleate, which equates to an increase in toughness.  Crack blunting is independent of the 

volume fraction of the metallic phase. 

 Crack Bridging (crack arrester and divider orientations) occurs when unbroken ductile 

layers span the wake of a crack so that further crack growth requires stretching of the bridging 

ligaments.  Crack bridging increases toughness of a laminate material as a function of the 

ductility of the bridging ligaments, and can result in resistance curve (R-curve) behavior.  

Crack bridging depends on the volume fraction of the ductile metallic phase.  Figure 2.12 [39] 

shows crack bridging in two orientations. 

 Stress Redistribution (crack arrester and divider orientations) occurs when 

delamination ahead of the crack-tip serves to reduce and redistribute the local stress.  This 

mechanism can be more effective than slip in stress reduction and can result in R-curve 

behavior.  

 Crack Front Convolution (crack divider orientation) occurs in layered composites 

composed of materials with dissimilar ductilities.  When the crack front propagates from a 

layer of low ductility to a layer of higher ductility, it becomes highly convoluted and can result 

in interfacial delamination.  Overall crack front growth is retarded by the plastic tearing 

required for crack growth in the more ductile layer. This mechanism can result in R-curve 

behavior, and is dependent on the volume fraction of the ductile metallic phase. 
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Figure 2.12 - Schematic diagram illustrating crack bridging: (a) crack-arrester orientation and 

(b) crack-divider orientation. Planes AA and BB indicate cross sections of the laminate composite 

near the crack tip. The arrows between the planes indicate bridging tractions over the length of b 

[39]. 

 

An additional extrinsic toughening mechanism specific to laminate composites has 

been discussed [40, 41].  Results by Lugovy et al. [40] studying the apparent fracture 

toughness, Kapp, of Si3N4-based laminates showed that a mismatch of coefficients of thermal 

expansion (CTE) between layers generates thermal residual stresses.  They found that Kapp 

increases in layers with a residual compressive stress while decreasing in layers with a 

residual tensile stress, as illustrated in Figure 2.13 [40].  Since the coefficients of thermal 

expansion of the constituent phases are usually quite dissimilar, cooling from the high 

processing temperatures to room temperature almost always generates high enough thermal 

stresses for onset of local viscoplastic deformation [41].  Additional inelastic deformation may 
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be generated by the application of mechanical pressure during fabrication.  High residual 

stresses are therefore present in the as-fabricated state.  Because compression serves as a crack 

shielding mechanism resulting in toughening of the laminate composite, CTE mismatch can 

be an effective way of providing improved flaw tolerance and surface damage resistance.  

However, the reverse is also true: a large difference in elastic moduli or thermal expansion 

coefficients can lead to plastic yielding, microcracking, interface decohesion and creep under 

uniform temperature change [42]. 

 

 

 

 

 

Figure 2.13 - The apparent fracture toughness as a function of the crack length parameter ã in a 

laminate with an outer layer under residual compressive stress [40]. 
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Figure 2.14 - Crack bridging process caused by intercepted ductile particles and a process zone of 

plastically distorted ductile particles [37]. 

 

2.3.2 Ductile/Brittle Reinforcement  

The concept of ductile-phase toughening of brittle material uses the work of plastic 

stretching of a ductile component embedded in a brittle matrix to increase energy dissipation, 

thus leading to increased toughness [43].  These components can either be ductile particles, as 

shown in Figure 2.14 [37], or ductile layers, as in the case of the present research.  In the case 

of ductile particles, the necking of dispersoids or precipitates during crack bridging requires a 

work-of-stretching that increases the overall toughness (also applies to fiber reinforcements).  

The function σ(u) relates the stress/crack opening, u, to the uniaxial plastic flow properties of 

the ductile material.  It can be related to the enhanced toughness, ΔGC, by Equation 2.1, in 

which f is the area fraction of ductile material intercepted by the crack and u* is the total crack 

opening when the ductile material fails [37]:  

 . (2.1) 
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If one considers the intrinsic crack-initiation toughness of a ductile-brittle composite 

to be K0, then the toughness of the composite is increased by an amount, ΔKC, during ductile 

phase crack bridging.  Under small-scale bridging conditions (SSB), the bridging tractions act 

over a distance that is small relative to the crack length and in-plane specimen dimensions.  

The steady-state toughness, KSS, can then be represented by Equation 2.2) [44]: 

 .    (2.2) 

Equations 2.3a and 2.3b relate fracture toughness, K, and strain energy release rate, G, 

under conditions of plane stress and plane strain, respectively: 

,     (2.3a) 

 .     (2.3b) 

The increase in critical fracture energy due to ductile reinforcements, ΔGC, can be 

formulated in terms of the physical properties of the reinforcement and interface by relating it 

to a nondimensional work of rupture, χ [45]:  

 .  (2.4) 

Here, σ(u) is the stress-displacement function of the bridging tractions, u* is the displacement 

at failure of the bridging ligament, and σ0 and r are the flow stress and characteristic 

dimension of the reinforcement, respectively.  Then, using Equation 2.1, the steady-state 

magnitude of the change in critical strain energy release rate becomes: 

 ,    (2.5) 

where f is the volume fraction of reinforcement intercepted by the crack (as in Eq. 2.1).  

Equation 2.2 then becomes:  

 .   (2.6) 
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2.3.3  Resistance Curve Behavior 

The source of R-curve toughness in ductile-brittle laminates is primarily associated 

with the crack-tip shielding that results from ductile phase layer bridging in the wake of a 

crack.  The traction distribution, crack length, and specimen geometry all affect the reduction 

in the near-tip stress intensity, Kb.  Generalized solutions employ a weight function, h(a,x), to 

calculate the stress intensity for any form of the traction function, σ(x), a distance x behind the 

crack tip with bridging length L: 

.   (2.7) 

If the shielding contribution is superposed with the intrinsic toughness of the 

composite, the measured toughness, Kc,app, for a given loading condition can be predicted: 

,     (2.8) 

where Ko, as previously discussed, is the intrinsic (crack-initiation) toughness of the 

composite.  To simplify Equation 2.7, it can be assumed that the traction σ(x) is a constant 

function that is: one, uniform over the bridging zone; two, equal to a characteristic flow 

parameter, σc. This parameter can be taken as the uniaxial yield or flow stress of the metal, the 

volume fraction of which is accounted for in the simplified form: 

.   (2.9) 
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2.3.4 Laminate Failure 

By their nature, laminate composites consist of several constituent meterials—each 

with different properties—joined along many interfaces.  The inherent mismatch in 

mechanical properties contributes to several types of local fracture events that nucleate at 

many sites distributed throughout a laminate due to their inability to form a major crack [41].  

Thus, interfaces play a crucial role in the failure (and strengthening) of laminate composites; 

they may impede or promote damage development.  The presence of material interfaces can 

constrain the extension of matrix cracks through crack bridging, but if exposed to high shear 

stresses separation can occur.  This leads to the opening of interfacial cracks between the 

matrix and the reinforcing layers, as well as delamination between plies.  Composite laminates 

are highly susceptible to delamination damage, due mainly to their lack of transverse 

reinforcement and interface weakness [46].  Interface debonding relaxes the stress 

concentration and spreads deformation during loading, which delays catastrophic failure. 

There are two types of cracks during delamination under bending: breakthrough and 

interfacial [47].  When the driving force of a crack front surpasses the resistance force of the 

matrix, a breakthrough crack is generated, which propagates instantly for the length of one 

layer’s thickness.  In the simple case of a rectangular plate with a crack perpendicular to the 

applied load, by Griffith’s theory the driving force is: 

 ,    (2.10) 

where G is the strain energy release rate, σ is the applied stress, a is half the crack length, and 

E is the Young’s modulus.  If σ = σf, the critical bending strength of the layers, then G 

becomes Gc, the critical strain energy release rate.  If G > Gc the crack will propagate. 

The second type is an interfacial crack, which occurs only at an interface.  When a 

breakthrough crack extends, the loading is high enough for the generation and rapid 
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propagation of an interfacial crack.  During propagation, loading decreases as elastic energy is 

absorbed.  As roller displacement increases, the driving force increases while staying in 

dynamic equilibrium with the resistance force.  The interfacial crack grows until the load 

increases to the point where breakthrough cracks renucleate in the next layer. The extent of 

debonding is influenced by factors such as frictional sliding and the presence bridging 

ligaments along the de-bonded surface [44].   

One study [48] tested single-edge notched bend samples of a bilayer Al-SiC laminate 

in four point bending (4PB).  The research, which agreed with the findings of Shin and Guo 

[47], identified two specific types of interface responses: one, delamination after crack 

extension to the interface; two, interfacial delamination prior to crack extension.  In a laminate 

with a strong interface, a propagating crack will ignore the interface, i.e. no delamination.  The 

first mode is most common in laminates with intermediate interfacial strength, with both 

delamination and crack extension occurring almost simultaneously.  Here, the peak load of the 

moment-displacement curve represents the load right before the extension of the primary 

crack.  The second mode takes place primarily where interfaces are weak.  In this case, the 

peak load corresponds to the load before delamination of the interface.  As seen in Figure 2.15 

[48], the delamination point in both cases is taken as the trough immediately following the 

peak.  The load at the peak prior to the delamination moment represents the amount of force 

needed to drive the crack along the interface further, which depends on interfacial strength.  In 

Figure 2.15b [48], the second peak represents the extension of the crack following 

delamination.  
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Rawers and Perry [49] performed tensile tests on metal-intermetallic composites to 

study their failure mechanisms, specifically crack initiation and propagation.  Their results 

showed that cracking always initiated in the intermetallic layers, and then propagated 

according to the thickness and elasticity of the adjacent layers.  If an intermetallic crack met a 

metal layer that allowed shear deformation, shear bands propagated from the crack tip through 

the metal and into the next intermetallic layer, creating stress concentration points at the 

metal-intermetallic interfaces.  If an intermetallic crack met a metal layer that did not permit 

shear deformation, stress buildup led to crack distribution in the intermetallic layers.  These 

observations support the concepts of ductile layer reinforcement of a brittle matrix. 

 

 

 

 

 

 

Figure 2.15 – Moment-Displacement curves showing delamination (a) after and (b) before crack 

extension [48].  
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2.4 Previous Research in TI-Al3Ti MIL Composites 

The focus of previous research in Ti-Al3Ti MIL composites [29, 30, 39, 42, 43, 50-

52], has been on the mechanical properties of a laminate system in which all the original 

aluminum in the composites reacted to form Al3Ti, i.e. no residual aluminum layer exists in 

the synthesized laminate microstructure.  In compression [30, 50, 51], tension [30, 50], 

bending/R-curve [30, 39, 43, 50], and ballistic [30] tests, one common trait observed was the 

failure mechanism of the composite microstructure.  In all cases, failure initiated in the 

intermetallic layers (in agreement with findings by Rawers and Perry [49]), and in most cases 

samples failed by fracture at the intermetallic centerline.  As previously discussed (see Section 

2.2.2), the intermetallic centerline is a product of the synthesis method.  When the reaction 

interface moving away from one Ti layer meets its reciprocal moving from the next layer, the 

oxides at each front come together to form the intermetallic centerline.  In the aforementioned 

studies, the presence of oxides at the centerline was responsible in part for the weakness of the 

microstructure, and efforts to control the level of contamination were limited to pre-fabrication 

steps like foil cleaning.  Manual cleaning of the foils produced positive results for Ti-3Al-

2.5V and commercially pure Ti (Figure 2.16b [51]), which can be cold-rolled without much 

surface oxidization.  However, higher strength grades of titanium like Ti-6Al-4V require hot-

rolling and pickling, which results in a strongly adherent oxide layer that is difficult to 

remove.   

Because the type of Ti used has little effect on the reaction kinetics of Ti and Al [30], 

it can be assumed that the primary cause for differences in mechanical behavior among MIL 

composites is due to the Ti grade chosen.  That said, it makes the most sense to create a Ti-Al 

MIL with the strongest titanium possible.  However, it has been shown by SEM observation 

[51] that the Ti grade used to construct the composite does have a large effect on the quantity, 

size, and distribution of oxides in the intermetallic centerline.  As seen in Figure 2.16 [51], the 
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centerline of an MIL specimen containing Ti-6Al-4V has more microvoids and Al2O3 than a 

specimen produced similarly with commercially pure Ti.  Currently, attempts are being made 

to circumvent this Achilles' heel of the MIL composite by allowing a reinforcing layer of Al to 

remain at the intermetallic centerline.   

This chapter is currently being prepared for submission for publication of the material.  

The dissertation author was the primary investigator and author of this material. 

 

 

Figure 2.16 – SEM micrographs showing the aluminum oxides (Al2O3) and microvoids in MIL 

composites constructed with (a) Ti-6Al-4V and (b) commercially pure Ti. [51] 
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Chapter 3 

Experimental Procedure 

3.1 Materials and Processing 

3.1.1 Materials Used 

The foil materials used in the present research are Ti-3Al-2.5V and 1100 Al.  Table 

3.1 shows the chemical compositions of both metals, along with selected mechanical 

properties.  In other studies where the laminate synthesis process remained constant for each 

specimen produced, combinations of foils of different thicknesses were used to tailor the final 

titanium content of the MIL composites, and to ensure that all the initial Al was consumed to 

form Al3Ti [1, 29, 30, 39, 43, 50].  Because the goal of the present work is to study the effects 

of residual aluminum in the composite, foils of equal thicknesses were used. The initial Ti and 

Al foils were both 0.005‖ (0.127mm) thick.   

 

 

Table 3.1 - Chemical compositions and properties of components 

Material Composition (%) 
Density Tensile Str Yield Str Elastic Mod 

(g/cc) (MPa) (MPa) (GPa) 

            

      Titanium  Ti: 94.4, Al: 2.95, V: 2.52 4.48 750 560 91 

Ti-3Al-2.5V Fe: 0.05, O: 0.065,   

    

 

C,N,Y <0.01 

    

      Aluminum  Al: 99, Cu: 0.05-0.2,  2.71 110 105 70-80 

1100 Zn: 0.1, Si, Fe: 0.95,  

    

 

Mn and others: 0.05 

    
 

 

 

 



31 

 

 

 

3.1.2 Sample Preparation 

Foil squares were cut from rolls of sheet Ti-3Al-2.5V and Al-1100: Ti samples were 

4‖x4‖, and Al samples were roughly 4‖x4‖ (Al roll width was insufficient to cut exactly 4‖x4‖ 

sheets without material waste).  All foils were sanded with an abrasive (Scotchbrite) to remove 

oxide layers and surface contaminants.  Following the abrasive, each foil was scrubbed with 

acetone to remove any residual contamination, and then again with methanol.  They were 

stacked in alternating layers: 34 sheets of titanium with 33 sheets of aluminum (with titanium 

being the first and last sheet).  With this stacking, the final MIL composite would contain 66 

layers of Al3Ti, given that the intermetallic forms at every Ti-Al interface.  Barring the 

differences at the edges due to the smaller size of the Al sheets, each stack had the same 

general dimensions: 4‖x4‖ and roughly 3/8‖ tall (before processing).  Once cleaned and 

assembled, the stacks were placed individually in the composite synthesis apparatus. 

 

3.1.3 Synthesis Apparatus 

 Figure 3.1 shows a schematic diagram of the apparatus used to synthesize metal-

intermetallic laminate composites in open air.  One foil stack was placed in an Instron screw-

driven load frame crosshead between two Ni-alloy (Haynes 230) platens measuring 17.8 x 

17.8 cm.  Each of the platens contained six heating elements that could be independently 

controlled, as well as a thermocouple that measured the temperature at the center of the platen.  

The external load and the temperature of each heating element were controlled by software 

written in LabVIEW.  The entire platen-crosshead setup was covered with ceramic wool 

insulation and water-cooled.   
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3.1.4 Processing Method 

 The method utilized to synthesize MIL composites was the reactive foil sintering 

process described previously [29, 30].  Once the stack was in place in the load frame, a load of 

10000 lbs was applied to ensure good contact between the foils.  Because the surface area of 

the samples was variable through their thickness, the pressure applied was approximate.  

Without considering any variations in surface area, the pressure applied was roughly 625 psi 

(4.3 MPa).  The temperature was set initially to 700°C for the first 12 minutes (this was done 

simply to increase the heating rate and shorten the ramp up period), then the sample was kept 

at 645°C for a length of time that depended on the desired total processing time.  Table 3.2 

details the temperature history of each specimen fabricated with this method.  Following the 

heating cycle, each MIL plate was air-cooled to room temperature.  The applied load remained 

constant throughout the entire process.   

 
 

Figure 3.1 – Rendering of the synthesis apparatus (not to scale). 
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Table 3.2 - Temperature profile for each sample (in °C) 

 

 Specimen 

Time  hours 

(min) MIL-48 MIL-42 MIL-16 MIL-11 MIL-3 MIL-1 

              

       

0 700 700 700 700 700 700 

0.2 (12) 645 645 645 645 645 645 

0.25 (15) 645 647 645 645 645 645 

0.3667 (22) 647 647 645 645 645 645 

0.5 (30)  648 645 645 645 645 

1 (60)   647 645 645 645 

1.5 (90)   648 645 645 645 

2 (120)    647 645 645 

2.5 (150)     647 647 

3 (180)     648 648 

3.5 (210)      650 
 

 

 3.2 Characterization and Microscopy 

Prior to mechanical testing, a sample from each of the plates produced was observed 

under a scanning electron microscope (SEM) with secondary and backscattering electron 

imaging modes. Samples were ground to 4000 grit and diamond polished to 0.05μm 

beforehand.  Pictures were taken of the microstructure of each composite in order to determine 

the volume fraction of each component.  Layer thickness measurements were made at several 

different places in each specimen, averaged, and inserted into the equation: 

ccbbaa

aa

a
ntntnt

nt
f ,  (3.1) 

where t is the layer thickness and n is the number of layers of a component in the specimen.  

Scanning electron microscopy was performed on a Philips XL 20 SEM capable of energy-

dispersive X-ray spectroscopy (EDS) (Oxford Instruments).  EDS spectra were quantified 

using a Link/ISIS multi-channel analyzer.  An Olympus GX51 optical microscope and Image-

Pro Plus analysis software were used in conjunction with SEM images to more thoroughly 
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characterize sample fracture surfaces.  Hand-held photographs were taken using an Olympus 

Stylus 1010 digital camera. 

3.3 Mechanical Testing 

3.3.1 Quasi-Static Compression Testing 

 Rectangular compression samples were cut from each MIL composite plate using a 

Struers Accutom 5 high-speed cut-off wheel.  Dimensions ranged from 5 to 8 mm on each 

side.  Three of these samples were made for each of two loading orientations for all six 

specimens (total of 36 samples).  Prior to mechanical testing, one sample from each of the 

twelve groups was ground and polished to 0.05μm for post-testing SEM imaging.   

 Compression tests were performed at room temperature in an Instron 8501 servo-

hydraulic load frame, pictured in Figure 3.2.  The strain rate was 0.001 /s for both the parallel 

and perpendicular orientations.  A self-aligning head was used to account for imperfections in 

sample geometry.  Displacement data from the deflectometer and load data from the load cell 

were recorded and used to plot load-displacement and stress-strain curves.  Of the three 

samples tested for each case (parallel and perpendicular orientations), one was allowed to 

proceed to failure, while the other two were stopped at different points in the plastic 

deformation region to analyze damage evolution (though many of the more brittle samples 

failed without being stopped).  The 0.2% slope offset rule was used to determine the yield 

stress of samples for each condition, and for those samples that showed no plasticity before 

failure, the ultimate stress was taken as the yield stress.  After testing, one failed sample from 

each group was cold-mounted, ground and polished (to final polish), and imaged to analyze 

sub-surface failure characteristics. 
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Figure 3.2 – Apparatus used in quasi-static compression testing. 

 
Figure 3.3 – Schematic diagram of the typical dimensions of samples used in 4PB tests. 

Dimensions in millimeters. 
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Figure 3.4 –Schematic diagrams of SE(B) in (a) crack-arrester and (b) crack-divider orientations 

 

3.3.2 Quasi-Static Four Point Bend Testing  

Single edge notched bend (SE(B)) beams were prepared for four-point bend (4PB) 

testing to determine the fracture toughness of the MIL composites.  The dimensions of the 

samples varied on a small scale, but each was cut in accordance with ASTM standard E-399-

90 [53], shown in Figure 3.3.  The average length, width, and height were 40, 4, and 7 mm, 

respectively.  Average notch depth was 3.5 mm, such that 0.45<a/W<0.52 (―a‖ being the 

notch depth, and ―W‖ the sample height).  Ten bend beams were cut in each loading 

orientation (Figure 3.4) for each MIL specimen (total of 120 samples, 60 of which were used 

for quasi-static tests).  Two samples from each specimen in the perpendicular orientation were 

ground and polished prior to mechanical testing.  Tests were carried out under displacement 

control at a rate of 0.5mm/min.   
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Figure 3.5 – Novel apparatus designed to test small samples in quasi-static 4PB: (a) overall setup 

in the load frame; (b) close-up of the bending area.  As the crack opens, the sample pushes down 

on the shaft and tab, which is recorded by the deflectometer. 

 

 To avoid scaling effects [30], the bend bars used for quasi-static and high strain-rate 

(dynamic) testing were made the same size.  Because the size of the bend bar was limited by 

the size of the dynamic testing apparatus, alterations had to be made to the quasi-static setup to 

accommodate a small sample.  A novel apparatus was fabricated to test samples of this size, as 

shown in Figure 3.5a.  Due to size and positioning constraints, a double-cantilever clip-in 

crack opening displacement (COD) gauge could not be placed under the sample.  A bottom 

support was designed with a hole under the sample notch, into which a spring and shaft were 

inserted (Figure 3.5b).  The spring was necessary to keep the brass tab (the top end of the 

shaft) in constant contact with the sample.  As the crack opened it pushed down the tab, which 

in turn depressed a deflectometer (shown).  The hole and shaft were lubricated with grease to 

eliminate noise.  Pin span dimensions were 13mm and 26mm.   

 Fracture toughness values, KIC, were calculated for four-point bend loading using: 

  (3.2) 
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where L is half of the difference of the external and internal spans (L = 0.0065 in these tests), 

P is the load, B is the specimen thickness, W is the specimen height, a is the notch length, and 

f(a/W) is the function: 

 .    (3.3) 

To determine an accurate value of fracture toughness, the critical load, P, 

corresponding to the fracture onset point must be accurately detected by the apparatus.  In 

three-point bend (3PB) fracture tests, crack initiation is determined using the 5% slope offset 

of the load-COD curve in accordance with ASTM E399 procedures.  ASTM C1421 

procedures for ceramics [53] are commonly used to measure the fracture toughness of brittle 

materials, in which case calculating the toughness requires the peak load be determined from 

load response as a function of time.  Rather than calculating crack length with a compliance 

technique, a unique COD (described above) was used to detect crack initiation in terms of the 

ASTM E399 method.   

The load P was taken from the load-strain curve of each sample.  In the crack divider 

orientation, the 5% slope offset method was used to find the critical load as per ASTM E399.  

In the arrester orientation, the peak load immediately preceding the first delamination moment 

was used, as discussed previously [48].  The crack lengths, a, of bend samples with layers 

oriented perpendicularly to the applied load were measured by SEM prior to mechanical 

testing.  Crack-divider samples were broken apart by hand after testing to image the fracture 

surface end-on (Figure 3.6a, b).  For accuracy, five measurements were taken of the depth of 

the notch—three of which are shown in Figure 3.6c—and averaged for every crack-divider 

sample.   A scanning electron microscope was used for these measurements.  All sample 

dimension, crack depth, and load data was input into a Microsoft Excel spreadsheet to 

calculate KIC for each sample.  Curves were then plotted of KIC versus residual aluminum 

content for each loading orientation.   
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Figure 3.6 – Photographs of (a) broken and unbroken crack-divider samples and (b) the end-on 

view of the fracture surface. (c) SEM image of the notch depth measurement of a crack-divider 

sample. 
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3.3.3 High Strain-Rate Compression Testing 

The samples prepared for high strain-rate (dynamic) compression were generally 

smaller than those used for quasi-static testing, with rough dimensions: 4x4x4 mm (±1 mm in 

every dimension).  Four samples were tested in both orientations (layers perpendicular and 

layers parallel to the applied load) for all six MIL specimens, unless more were needed for 

data analysis purposes.  Dynamic compression tests were performed on a modified split-

Hopkinson Pressure Bar (SHPB) (Kolsky, 1949) to achieve strain rates of ~1000 /s.  A two-

bar split-Hopkinson apparatus was chosen because existing ASTM techniques, such as Idoz 

and Charpy impacts tests, are on the whole poorly instrumented, whereas SHPB is well-

instrumented and experimentally validated [55-60].  

On the extreme left of Figure 3.7 [55], which is a panoramic photograph of the 

experimental setup, is the gas gun that propels the striker bar into the ―incident bar.‖  The 

resulting compressive stress pulse travels through the incident bar to the sample, at which 

point part of the incident wave (εI) is transmitted through the sample into the ―transmission 

bar‖ as the stress wave εT, and a portion of the wave is reflected back (εR) toward the striker 

and the momentum trap.  The pulse is measured by two strain gauges—one on the incident bar 

 
Figure 3.7 – Split-Hopkinson Pressure Bar with pulse shaper and momentum trap used for high 

strain-rate compression and bend testing [55]. 
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and one on the transmission bar—as a function of time, which is used to calculate stress and 

strain.  Data acquisition was performed at 10
7
 Hz. 

One-dimensional stress wave theory was used to calculate stress σ(t), strain ε(t), and 

strain-rate (t): 

 ,  (3.4) 

where εR(t) is the strain of the reflected tensile wave in the incident bar directly proportional to 

the strain rate [30].  Additionally, Co is the speed of sound in the bars, L is the length of the 

sample, and E is the elastic modulus of the bar.  The strain is found by integrating 3.4.  Stress 

in the sample is calculated with the equation: 

 ,   (3.5) 

where Ao and A are the cross-sectional areas of the bar and the sample, respectively, and εT(t) 

is the compressive strain of the in the transmission bar.   

A 12 inch striker bar with a 0.5 inch diameter was used, and strain-rates up to 1500/s 

were achieved.   The SHPB incorporated a pulse shaper [56, 57] to achieve nearly constant 

strain rates and to obtain a reliable stress-strain response in the MIL composites.  Aluminum 

was used as the pulse shaper material. 

 

3.3.4 High Strain-Rate Four Point Bend Testing 

 High strain-rate 4PB tests were performed on a modified split-Hopkinson Pressure 

Bar.  The samples used for this testing were of the same dimensions as those used in quasi-

static testing.  Figure 3.8 [59] is a diagram of the four point bending setup used in SHPB 

testing (same loading pin geometry as quasi-static tests).  Figure 3.8a shows that the incident 

bar used was hollow, which was done to improve the quality of the strain gage signal.  Several 
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procedures were used in dynamic 4PB testing.  Where appropriate, tests were recorded using a 

Phantom V12 digital high-speed camera (Vision Research Inc., USA).   

For the crack divider orientation, samples were polished (4000 grit) and dynamically 

loaded in 4PB.  A high speed camera (shown in Figure 3.8b) was triggered by a photo gate 

positioned in the path of the striker bar, and recorded the entire deformation process.  Using 

the recording (which was low resolution but high frame-rate ~400,000 fps), the elapsed time 

from the trigger to crack initiation was determined by visual inspection, which was then used 

in conjunction with loading data from the SHPB to determine the true elapsed time from 

deformation onset to crack initiation.  The trigger signal from the striker bar was sent to the 

camera and the Hopkinson bar data acquisition system.  With the Hopkinson bar LabVIEW 

control program, the time from the trigger to the beginning of the incident pulse (recorded at 

the center of the incident bar) was determined and added to the time it took for the strain wave 

to travel half the length of the incident bar.  That sum was subtracted from the crack onset 

time taken from the camera relative to the trigger, and the difference was taken as the final 

crack onset time relative to deformation onset (not the trigger). With the crack-onset time the 

critical load was found from the load-time curve, and KIC values were then calculated with the 

same Excel spreadsheet that was used in quasi-static 4PB testing (Section 3.3.2).  This method 

[55, 58, 59] was used because the 5% offset rule (ASTM E399) only applies in low strain-rate 

regimes.  This method was verified using strain gages. 

Determining the critical load of perpendicularly-oriented 4PB samples did not require 

a high speed camera.  The method for determination of KIC was the same as in quasi-static 

4PB; the critical load was assumed to be the peak load immediately preceding the first 

delamination moment taken from the load-time curve (from the SHPB).  The viability of this 

method was determined by fitting several samples with a crack propagation (CP) gage 

(Hottinger Baldwin Messtechnik, Model 1-RDS-22) just to the side of the notch as shown in 
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Figure 3.9a.  The CP gage contains 50 resistive wires (44 Ω) connected in parallel, and 

changes in voltage due to wire breaking were detected by a ¼ bridge circuit (shown 

schematically in Figure 3.9b [39]).  The elapsed time from deformation onset to the first 

voltage change in the gage signal was shown to correlate to the first peak of the load-time 

curve.  The critical load was then used to find KIC using Equations 3.2 and 3.3.  To monitor 

the deformation process, two samples from each specimen were ground and polished (to final 

polish) and recorded by the high-speed camera at high resolution and reduced frame rate 

(~54000 fps).   

This chapter is currently being prepared for submission for publication of the material.  

The dissertation author was the primary investigator and author of this material. 

 

 

 

 
Figure 3.8 – (a) Schematic of the sample mounting setup. (b) SHPB setup for dynamic fracture 

toughness experiments: (1) photo gate trigger, (2) pulse shaper, (3) strain gage, (4) SE(B) 

specimen, (5) lighting for (6) high speed camera, (7) data acquisition, (8) power supply [59]. 
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Figure 3.9 – (a) Photograph showing strain gage placement.  (b) Schematic of the strain-gage 

amplifier [39]. 
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Chapter 4 

Results and Discussion 

4.1 MIL Composite Physical Properties 

4.1.1 Composites Produced 

 By carefully controlling the fabrication process, metal-intermetallic laminate 

composites with varying residual aluminum volume fractions have been prepared for 

mechanical testing.  Table 4.1 shows the processing times, final layer thicknesses, and volume 

fractions of each specimen prepared, as well as the designations used.  Specimens are referred 

to by their residual aluminum content (in volume percent).  Figures 4.1a and 4.1b are 

graphical representations of the data presented in Table 4.1.  Figure 4.1a indicates that as 

reaction time increases, the Al layer thickness decreases to the single-digit micron range, and 

Figure 4.1b shows that the intermetallic phase quickly takes over as the dominating 

constituent in the composite.  Even though the intermetallic layer thickness is less than that of 

titanium in MIL-1, the volume fraction is twice as large because there are twice as many Al3Ti 

layers as Ti layers. 

 

 

 

Table 4.1 – Specimens produced: designation and microstructure. 

 

 

Processing 

Time Layer Thickness (μm) 
 

Volume Fraction 

Designation hours (min) Ti Al Al3Ti 

 

Ti Al A3Ti 

                  

         MIL-48 0.367 (22) 122.2 120.2 1.986   0.503 0.481 0.016 

MIL-42 0.5 (30) 116.6 102.8 11.12   0.490 0.419 0.091 

MIL-16 1.5 (90) 97.58 38.46 53.26   0.409 0.157 0.434 

MIL-11 2 (120) 84.8 25.6 61.2   0.371 0.109 0.520 

MIL-3 3 (180) 78.4 6.4 73.42   0.345 0.027 0.627 

MIL-1 3.5 (210) 83.22 2.1 76.12   0.357 0.009 0.634 
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(a) 
 

 

(b) 
 

Figure 4.1 – The effect of processing time on (a) layer thickness and (b) volume fraction. 
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Figure 4.2 – MIL composite specimens produced via reactive foil sintering.  SEM micrographs 

taken of specimens (a) MIL-48, (b) MIL-42, (c) MIL-16, (d) MIL-11, (e) MIL-3, and (f) MIL-1. 
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Representative SEM micrographs of each specimen produced can be seen in Figure 

4.2.  Figure 4.2a shows the thin layer of Al3Ti forming at the Ti-Al interfaces after 22 minutes 

of reaction time, which becomes more visible in MIL-42 (Figure 4.2b).  Figures 4.2c and 4.2d 

show the significantly larger Al3Ti regions of MIL-16 and MIL-11, followed by the reduction 

of the Al layer to the hairline sliver seen in MIL-3 and MIL-1 specimens (Figures 4.2e and 

4.2f, respectively).  Comparing their microstructures to micrographs of composites produced 

by other methods, one sees the benefits of the process used in the present research.  The MIL 

composites shown in Figure 4.2 have much sharper layer boundaries than those created by the 

SHS reaction in vacuum (see Figure 2.4).  Also, these specimens do not show the stratification 

of other [unwanted] intermetallic phases as found in samples produced by pulsed-current hot 

pressing (see Figure 2.7).  The micrographs in Figure 4.2 closely resemble the composites 

produced by Harach and Vecchio (see Figure 2.9), confirming the success of the sintering 

process. 

 

4.1.2 Phases Present 

The intermetallic centerline—the thin stripe visible between intermetallic layers in 

Figure 4.2f (indicated by arrow)—is not pure aluminum; it is composed of oxides, impurities, 

voids, and diffused titanium that was pushed toward the centerline during the reaction process.  

This was verified by EDS analysis of the intermetallic centerlines of MIL-11, MIL-3 and 

MIL-1 specimens (see Tables 4.2 – 4.4).  Table 4.2 shows the chemical composition of the 

residual aluminum layer in MIL-11 at the points indicated in Figure 4.3.  At positions 2 and 5, 

which are in close proximity to the Al3Ti interface, the aluminum contains oxides and no 

diffused titanium.  Positions 3 and 4—on either side of the centerline of the aluminum layer—

show a composition that is still pure Al with no contaminants.     
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Table 4.2 – Composition of the residual aluminum layer of MIL-11 determined by EDS. 

 

 

 

Spectrum O Al Ti 

    

Line 1(1)  68.98 31.02 

Line 1(2) 16.92 83.08  

Line 1(3)  100  

Line 1(4)  100  

Line 1(5) 14.97 85.03  

Line 1(6)  66.27 33.73 

Figure 4.3 – SEM micrograph of the Al layer of specimen MIL-11 showing the points used in EDS 

analysis. 

 

EDS analysis of specimens MIL-3 and MIL-1 shows a significant presence of oxygen 

and diffused titanium within the residual aluminum layer.  Oxygen and titanium content is 

similar among the three specimens, and shows a pattern of increasing oxygen and decreasing 

Ti with increasing proximity to the Al centerline.  From Table 4.3, there is very little pure Al 

remaining in MIL-3, though the EDS analysis was performed at only two points within the 

layer.  Analysis of MIL-1 on the other hand (see Table 4.4) did show a small region of 

uncontaminated Al, so it cannot be assumed that pure Al no longer exists in the intermetallic 

centerline in MIL-3 and MIL-1.  

Void growth and crack propagation in the aluminum layers were observed in the two 

[untested] specimens with the lowest residual aluminum content, indicated by arrows in Figure 

4.6.  Figures 4.4 and 4.5 also show anomalous Al deformation.  One likely cause for this is a 

mismatch of thermal expansion coefficients and elastic moduli between the three components 

of the laminate composite, though the contribution of Al is negligible compared to Ti and 

Al3Ti.  During the cooling stage of the synthesis process, each layer cools and contracts at a 

different rate, which creates stresses at each material interface.  In general, this residual stress 
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is determined by the elastic constants, relative concentrations, and the thermal expansion 

coefficients (CTE) of the matrix and reinforcement materials.  Depending on the magnitude of 

these residual stresses, expansion and contraction can lead to either reversible elastic 

deformation of the matrix or irreversible plastic yielding, microcracking, creep, and interface 

decohesion [42].   When the MIL composite cools down, Al3Ti (CTE: 13×10
−6

 /◦C) shrinks 

more than Ti-3Al-2.5V (CTE: 9.61×10
−6

 /◦C) because of its higher CTE.  In addition to the 

difference in thermal expansion coefficients, the gap between elastic moduli is also large (ETi 

= 116 GPa, EAl3Ti = 215 GPa).  The resulting mismatch of strain puts the titanium layer under 

compression and Al3Ti layer under tension [52].  Due to the comparable thicknesses of the Ti 

and Al3Ti layers and the high bond strength at those interfaces (metallurgical in nature), 

residual stress is concentrated in the thin, ductile, contaminate-heavy aluminum layer.  The 

presence of oxides and impurities facilitates interface decohesion and cracking by reducing 

interlayer bond strength and increasing the number of crack nucleation sites.   

 

Table 4.3 – Composition of the residual aluminum layer of MIL-3 determined by EDS. 

 

 

Spectrum O Al Ti 

    

Line 1(1)  66.91 33.09 

Line 1(2)  82.63 17.37 

Line 1(3) 37.2 62.8  

Line 1(4) 10.29 89.71  

Line 1(5)  83.07 16.93 

Line 1(6)  66.41 33.59 

 

Figure 4.4 – SEM micrograph of a broken portion of the Al layer of specimen MIL-3 showing the 

points used in EDS analysis. 
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Figure 4.6 – SEM micrographs of crack propagation and creep caused by residual thermal 

stresses in (a) MIL-3 and (b) MIL-1. 

 

 

 

Table 4.4 – Composition of the residual aluminum layer of MIL-1 determined by EDS. 

 

 

Spectrum O Al Ti 

    

Line 1(1)  63.1 36.9 

Line 1(2)  64.95 35.05 

Line 1(3) 22.33 77.67  

Line 1(4) 18.04 81.96  

Line 1(5)  100  

Line 1(6)  70.98 29.02 

 

Figure 4.5 – SEM micrograph of a broken and segmented portion of the Al layer of specimen 

MIL-1 showing the points used in EDS analysis. 
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4.2 Mechanical Properties 

4.2.1 Quasi-Static Compression Testing 

 Compression tests were performed on small rectangular samples at strain rates of 

0.001 /s.  Both extreme layer orientations were tested for each specimen.  A brief summary of 

the results is presented in Table 4.5.  Graphical representation of the data is presented in 

Figure 4.7, showing the relationship between residual aluminum volume fraction and yield 

stress in the parallel and perpendicular orientations.  In the perpendicular loading orientation, 

compressive strength increases steadily as Al content decreases.  This is due to the growing 

volume fraction of Al3Ti in the composite microstructure (see Figure 4.1b), which is much 

stronger than titanium and aluminum.  The compressive strength of samples tested in the 

parallel orientation showed a similar trend, but the curve reaches a maximum when the 

volume fraction of Al reaches 0.109 (a reaction time of 2 hours).  This maximum may 

represent the ideal volume fraction of residual aluminum in the composite.  After the 11%Al 

mark, the return on compressive stress with increasing Al3Ti volume fraction begins to 

diminish, along with the beneficial effects of the residual Al layer.  The perpendicular curve 

also shows an irregularity at 11%Al, though in that case compressive strength begins to 

increase more rapidly.  Combining performance results from both orientations in quasi-static 

compression, it can be seen that an optimal residual Al volume fraction may exist between 

0.109 and 0.027. 
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Table 4.5 – Summary of yield stresses observed in dynamic compression testing.  

 

 
Al Volume 

Fraction 

Yield Stress (MPa) 

Specimen Parallel Perpendicular 

        

    MIL-48 0.481 337.4 404.47 

MIL-42 0.419 483.9 450.6 

MIL-16 0.157 841.47 665.93 

MIL-11 0.109 999.2 715.8 

MIL-3 0.027 938.3 996.4 

MIL-1 0.009 908.9 1047.9 
 

 
 

Figure 4.7 – Affect of residual aluminum volume fraction on compressive stress in parallel and 

perpendicular loading orientations. 
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4.2.1.1 Layers Parallel to the Applied Load 

 Figure 4.8 is a compilation of representative stress-strain curves from each specimen 

with layers oriented parallel to the loading direction.  In this orientation, there is almost no 

plastic behavior before failure, except in the MIL-48 and MIL-42 specimens, which have low 

intermetallic content and therefore higher toughness. 

MIL-48 was processed for 22 minutes, yielding final Ti and Al volume percents of 

50.3 and 48.1 (respectively), with the intermetallic phase taking up the remainder.  The 

average yield stress for these samples was 337.4 MPa, the lowest of the six specimens 

produced.  Microstructural damage in these samples was minimal; failure was affected 

primarily by Ti and Al layer buckling near the sides and load face of the sample, as seen in 

Figure 4.9.  Visible also are small regions of delamination, which were confined to these 

zones of plastic deformation.  No shear fracture was observed in samples of this orientation. 

 
 

Figure 4.8 – Representative stress-strain curves of each specimen tested under quasi-static 

compression at 0.001/s with layers oriented parallel to the applied load. 
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Figure 4.10 – SEM micrograph of MIL-42 sample under quasi-static compression (0.001/s) in 

parallel loading showing Al3Ti centerline cracking, shear band formation, and transverse 

cracking at regions of (a) large and (b) small deformation. 

 
Figure 4.9 – SEM micrograph of MIL-48 sample (cold-mounted and polished after quasi-static 

compression) showing (a) buckling and (b) minor delamination cracking near the load face. 
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MIL-42 was processed for 30 minutes, yielding final Ti and Al contents of 49% and 

42% (respectively), with the intermetallic phase at 9%.  Parallel sample strength was increased 

from 337.4 to 483.9 MPa (43% increase) by the additional Al3Ti content.  It can also be 

attributed to an increase in bond strength at the Ti-Al3Ti and Al-Al3Ti interfaces (longer 

reaction time than MIL-48).  Figure 4.10a is an SEM micrograph of a geometry-induced 

failure (load surfaces were not parallel) that shows shear deformation of the Al layers and 

intermetallic cracking and ply separation.  Stress relief transverse cracking and centerline 

fracture of the thin Al3Ti layer can also be seen (Figure 4.10b).  Intermetallic cracks 

propagated through the Al layers by shear band formation (in this extreme case), renucleated 

in the adjacent intermetallic layers, and were blunted in the Ti layers.  Figure 4.10c is a 

magnified SEM image of a region away from the failure zone showing crack tip blunting in 

the Ti and Al layers.  The increased interfacial bond strength was the primary contributor to 

composite strength for this specimen, and the intermetallic layers were still thin enough to 

prevent catastrophic failure by brittle fracture.  No shear fracture was observed in this loading 

orientation for MIL-42. 

MIL-16 was processed for 1.5 hours, yielding a composite in which the intermetallic 

phase was on an equal footing with titanium (see Table 4.1 and Figure 4.1).  As seen in Table 

4.2, this change in microstructure lead to a 74% increase in the average yield stress in the 

parallel loading orientation.  The failure characteristics of these samples differed from those 

observed in MIL-48 and MIL-42 composites.  Failure in this composite when loaded parallel 

to the layers was mainly by delamination at Ti-Al3Ti interfaces and Ti layer buckling (see 

Figure 4.11a, b), with crack bridging by the Ti and Al layers (see Figure 4.11c).  Figure 4.11b 

is an SEM micrograph of a fracture surface showing brittle fracture of the intermetallic layers 

and ductile fracture of the Al layer.  Also visible is a centerline crack in the intermetallic, and 

delamination from the bordering Ti layer on the extreme left.  Parallel samples of this 
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specimen exhibited almost no plastic behavior prior to failure (see Figure 4.8).  At this 

residual aluminum volume fraction, shear fracture emerged as a failure mode.   

Generally there are two types of shear fracture in this loading orientation: one, ―a-

type‖ shear fracture propagating at a nearly 45° angle that cuts through one layer at a time, as 

shown in Figure 4.12a (and Figure 4.15a); two, ―b-type‖ shear fracture that propagates at a 45° 

angle relative to the loading plane through all the layers at once, as shown in Figure 4.12b 

[51].  The type of shear fracture experienced by MIL-16 specimens was consistently b-type 

(without sample separation).  Vecchio et al. [51] postulated that this type of fracture is related 

to good interfacial strength.  Their results showed that additional shear deformation increased 

compressive strength in their MIL composites, which is corroborated by the present findings.  

 

 
Figure 4.11 – Fracture of MIL-16 under quasi-static compression (0.001/s) with layers oriented 

parallel the applied load: (a) cracked Al-Al3Ti layers and intact Ti layers, (b) magnification of 

fracture surface, (c) crack bridging by Al layer and shear band formation (arrows). 
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Figure 4.12 – Diagram of two modes of shear failure common to MIL composites loaded parallel 

to the layers: (a) bisecting shear fracture propagating from interface to interface (a-type); (b) 

shear fracture that cuts diagonally across all layers of the composite simultaneously (b-type) [51]. 

 

MIL-11 was processed for 2 hours, yielding a composite with a microstructure in 

which Al3Ti had taken over as the dominant component.  The volume fraction of Al3Ti was 

52%, compared to Ti and Al at 37.1% and 10.9%, respectively.  Samples with this 

composition boasted an average compressive yield stress of nearly 1 GPa under parallel 

loading.  This yield stress represents the maximum value observed among parallel samples, 

and the second highest value among all samples tested in quasi-static compression.  Analysis 

of the failure mechanisms illustrated in Figure 4.13 shows a departure from previously 

prevalent mechanisms.  Prior to MIL-11, samples that failed by delamination did so cleanly, as 

in Figure 4.11 where a high-energy fracture propagated to a Ti-Al3Ti interface and separated 

the layers.  However, as seen in Figures 4.13a and 4.13b, a major crack propagating 

downward in the Al3Ti layer ignored the Al interface almost entirely, resulting in zone 

shielding by microcracking and plastic deformation of the aluminum.  There were many other 

instances in MIL-11 samples where separation occurred without clean delamination: Figure 

4.13c is a failure mode not observed in samples of any other Al volume fraction, in which a 

portion of the Al layer was torn off at several points along a delaminated interface.  
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Comparing Figures 4.13b and 4.13c to Figure 4.3, it is clear that the portion of the Al layer 

that was cracked and torn shows roughly 16% oxygen content (from Table 4.2).   Figure 4.13d 

is an SEM micrograph of a failed sample that was cold mounted and polished (to final polish) 

that shows intermetallic layer centerline fracture and crack propagation through an aluminum 

layer.  B-type shear fracture was observed in all three samples (without sample separation).  A 

novel fracture mechanism and higher Al3Ti content substantially increased the strength of 

MIL-11 in loading parallel to the layers, but also lessened the toughness of the specimen (see 

Figure 4.8).  

 
Figure 4.13 – Fracture of MIL-11 under quasi-static compression (0.001/s) with layers oriented 

parallel to the applied load.  SEM micrographs showing: (a) crack blunting in Al layer; (b) 

magnification of microcracking and plastic deformation; (c) fracture without clean delamination; 

(d) Al3Ti centerline fracture and crack propagation through the Al layer. 
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MIL-3 was processed for 3 hours, yielding a composite with a microstructure in which 

aluminum had a volume percent of only 2.7%.  This substantial reduction in Al content lead to 

a marked decrease in compressive yield stress when loaded in the parallel orientation.  

Samples showed distinctly brittle behavior, and yield and failure occurred almost 

simultaneously.  The average yield stress among parallel samples was 938 MPa.  In this 

orientation, catastrophic failure was by Ti layer buckling, through-thickness interface 

delamination, and a-type shear fracture.  Figure 4.14a shows delamination of an MIL-3 sample 

(cold-mounted and polished after testing) in which a layer of ductile Ti remained bonded to an 

Al3Ti bilayer (which comprises two Al3Ti layers with a residual aluminum centerline).  

Cracking in the bilayer ignored the residual Al layer.   

A new failure mechanism appeared in samples of this specimen: transverse shear 

cracking in the intermetallic bilayers (Figures 4.14b,c,d).  The inclined crack moved from 

intermetallic bilayer to intermetallic bilayer (Figure 4.13b), with no through-thickness 

deformation of the Ti layers.  Minor plastic deformation caused by stress concentrations at the 

crack tips terminating in Ti layers was observed, but the main cracking propagated by a leap-

frogging pattern of blunting and renucleation.  When the main crack reached a new Al3Ti 

bilayer, a transverse crack opened that either spit the Al centerline (Figure 4.13d) or traveled 

along it for a short distance (Figure 4.13c).  Al layer necking can be seen in the case where the 

crack opened without traveling.  As the crack expanded to the left and right in the bilayer, a 

closing traction exerted by the reinforcing Ti layers on either side caused the main crack to 

bifurcate into smaller cracks, all of which eventually terminated at the Ti interface.  The 

introduction of this fracture mechanism corresponds to the drop in compressive strength seen 

in samples with Al content below 11%.   

MIL-1 was processed for 3.5 hours and showed another sharp decrease in yield 

strength to 909 MPa.  Much like MIL-3, samples showed almost no ductility prior to failure, 
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and also showed the same transverse cracking in the intermetallic bilayers.  Catastrophic 

failure was mixed-mode, and varied slightly among the three samples tested.  One sample 

showed a-type shear fracture (without sample separation) and buckling, as shown in the SEM 

micrograph in Figure 4.15a and 4.15b.  The sample shown in Figure 4.15c failed by interfacial 

delamination (with sample separation), and the third sample showed b-type fracture (without 

separation) and interfacial delamination (with separation).  Figure 4.15c and 4.15d show 

transverse intermetallic cracking similar to what was seen in MIL-3.  The continued decrease 

in yield strength is further indication that MIL-11 has an ideal microstructure for compression 

in parallel loading.   

 
Figure 4.14 – Fracture of MIL-3 under quasi-static compression (0.001/s) with layers oriented 

parallel to the applied load.  SEM micrographs showing: (a) ductile Ti buckling and brittle Al3Ti 

fracture ignoring the residual Al, (b) transverse cracking in Al3Ti, (c) and (d)  unique crack 

opening in intermetallic bilayers. 
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Figure 4.15 – SEM micrograph of MIL-1 showing: (a) and (b)  a-type shear fracture with and 

without Ti layer failure (unpolished sample); (c) and (d) transverse cracking and Al3Ti bilayer 

delamination from Ti layers (sample polished prior to testing). 
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4.2.1.2 Layers Perpendicular to the Applied Load 

 Figure 4.16 is a compilation of representative stress-strain curves from each MIL 

composite with layers oriented perpendicular to the loading direction.  Samples from every 

specimen showed some degree of plastic behavior after yield, though toughness decreased 

with Al volume fraction. In this orientation, specimen yield stress increased steadily from 

MIL-48 to MIL-11, and then more steeply as the Al layer thinned in favor of Al3Ti formation 

(see Figure 4.7).  Behavior was more uniform among similar specimens compared to 

performance in parallel loading (see Figure 4.8); stress-strain curves show grouping by like 

residual Al content.  

 

 

 
 

Figure 4.16 – Representative stress-strain curves of each specimen tested under quasi-static 

compression at 0.001/s with layers oriented perpendicular to the applied load. 
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 MIL-48 samples loaded in the perpendicular orientation had an average yield stress of 

404.5 MPa.  Samples did not fail by shear fracture, but by macroscopic plastic deformation 

and small scale delamination (Figure 4.17).  No cracking or shear fracture was observed in 

samples of this composite.   MIL-48 showed higher compressive strength in this orientation 

than it did when loaded parallel to its layers. 

 MIL-42 behaved very similarly to MIL-48, showing the low strength and high 

toughness characteristic of a still primarily Ti-Al composite.  Deformation was primarily 

plastic, but with the added failure mechanisms of intermetallic layer cracking and shear 

fracture.  An arrested a-type shear fracture can be seen in the SEM micrograph in Figure 4.18, 

in which the crack cut cleanly through each layer without significant interface-induced 

deflection.  Plastic necking of the Al layers is evident, as is ductile fracture of the Ti layers.   

When loading was stopped between yield and failure, the microstructure of MIL-42 showed 

small scale delamination similar to MIL-48, in addition to vertical cracks (Figure 4.18d). The 

slightly elevated intermetallic content in MIL-42 had little effect on its yield strength, showing 

an increase of only 46 MPa and a small reduction in energy absorbance prior to failure.   

 
 

Figure 4.17 – SEM micrographs of MIL-48 and (a) stopped before the failure strain showing 

small scale delamination, and (b) macroscopic deformation and Al expulsion of a failed sample. 
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MIL-16 samples exhibited greatly increased yield strength, the average being 665.9 

MPa.  Due to the greater Al3TI layer thickness, failure was dominated by cracking, Al3TI 

segmentation, and Ti layer shearing (Figure 4.19a).  The amount of residual aluminum in the 

microstructure was able to prevent the a-type shear from fracturing the sample completely.   

Figure 4.19b shows the torturous path created for crack propagation through Ti-Al3Ti and Al-

Al3Ti interfaces.  An early stage of intermetallic segmentation is shown in Figures 4.19c, 

which is an SEM micrograph of a sample that was stopped prior to catastrophic failure.  Shear 

band formation can be seen where vertical Al3Ti cracks were blunted at the Ti-Al3Ti interface.  

There was no indication of renucleation through the Ti layers in the pre-failure sample, which 

resulted in the observed stress-relief crack distribution. 

 
Figure 4.18 – SEM micrograph of MIL-42 showing: (a) arrested a-type shear fracture, (b) 

intermetallic cracking and segmentation, (c) aluminum expulsion, and (d) stress relief cracking 

and delamination (pre-fail). 
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 MIL-11 samples had an average yield stress of 715.8 MPa, and exhibited a stress-

strain response very similar to MIL-16 (see Figure 4.16).  However, the sample that failed 

catastrophically did so by a-type shear fracture (Figure 4.20a) that propagated through the 

entire sample (without arresting as in MIL-16 and MIL-42).  The layers of residual aluminum 

were still sufficiently thick to maintain the amount of microstructural crack tip blunting 

present in MIL-16.  Figures 4.20a and 4.20b are SEM micrographs of typical intermetallic 

 
 

Figure 4.19 – SEM micrograph of MIL-16 showing: (a) a-type shear fracture; (b) intermetallic 

segmentation, Ti deformation, ductile Al reinforcement; (c) and (d) shear band formation in a 

sample stopped between yield and failure strain. 
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crack patterns after and before failure, respectively.  Notice that prior to the ultimate stress, 

there is an horizontal offset between vertical intermetallic cracks caused by the ductile layer of 

aluminum.  Even after the sample reached its ultimate stress the aluminum layer acted as a 

barrier to collinear crack re-nucleation.  It can be seen that MIL-11 possesses a microstructure 

with an Al3Ti volume fraction high enough to provide ample compressive strength, and  to 

prevent failure by mechanisms seen in MIL-3 and MIL-1. 

 With an average yield stress of 996.4 MPa, MIL-3 showed a significant increase in 

strength over MIL-11, similar to the difference in strength between MIL-42 and MIL-16 (see 

Figure 4.7).  In tests performed below the specimen’s ultimate strength, MIL-3 samples began 

to exhibit ―bilayer‖ behavior: failure behavior characteristic of one Al3Ti layer with a residual 

Al centerline instead of two distinct Al3Ti layers separated by an Al layer.  This behavior was 

also observed in tests where MIL-3 was loaded parallel to the layers (see Figure 4.14a).  

Transverse cracks propagating in Al3Ti layers showed increased interaction with the Al 

centerline, as shown in Figure 4.20d where a crack passed through the residual aluminum.  

This level of interaction was not seen in specimens with lower residual Al content, especially 

in samples not loaded to failure.  The extensive deformation made possible by the reduced 

thickness of the Al layer permitted almost uninhibited crack re-nucleation (within intermetallic 

bilayers, not between them).  Figure 4.20c shows the microstructural damage surrounding a 

shear fracture zone in a failed MIL-3 sample.  There are similarities to MIL-11 failure, but on 

average damage was more severe.   

 MIL-1 showed the highest average compressive strength of all the MIL composite 

specimens tested.  The average yield stress was 1047.9 MPa.  However, the samples showed 

distinctly brittle behavior after yield (see Figure 4.16).  Table 4.1 shows that Al3Ti content did 

not increase significantly from MIL-3, so the factor most likely responsible for the increase in 

strength and loss of toughness is the reduction of residual Al.  The failed sample shown in 
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Figure 4.21a and 4.21b exhibited much less microstructural cracking than samples from 

previous specimens, with catastrophic failure primarily manifested by a single, through-

sample, step-wise shear fracture.  Figure 4.21b is an enlargement of the fracture surface shown 

in 4.21a, illustrating the perfect 45° shear of the Ti layer, and the vertical, brittle fracture of 

the intermetallic bilayer.  Comparing the microstructures of samples stopped before failure in 

Figures 4.20d and 4.21c, it is evident that the residual Al layer provided far less ductile 

reinforcement than in specimens with higher Al content; the meandering transverse crack 

propagated right through the Al layer into the next intermetallic layer. 
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Figure 4.20 – SEM micrographs comparing catastrophic failure and cracking before failure in 

(a), (b) MIL-11 and (c), (d) MIL-3. 
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Figure 4.21 – SEM micrographs of MIL-1: (a) and (b) catastrophic failure by a-type shear 

fracture; (c) Al3Ti crack ignored residual Al centerline in a sample stopped before failure. 
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4.2.2 Quasi-Static Four Point Bend Testing 

 Four point bend (4PB) tests were performed on small rectangular beams (see Figures 

3.3 and 3.4) at strain rates of 10
-3

/s.  Both extreme layer orientations were tested for each 

specimen.  A brief summary of the results is presented in Table 4.6.  Graphical representation 

of the data is presented in Figure 4.22, showing the relationship between residual Al content 

and fracture toughness in the parallel and perpendicular orientations.  Both loading 

orientations show low fracture toughness at 48%Al, which is most likely due to poor 

interlaminar bonding resulting from the short processing time (22 minutes).  In general, 

materials with high ductility have higher fracture toughness, so MIL-48 should have shown 

significantly better performance, considering its microstructure is primarily Ti and Al.  MIL-

42, which was processed for 30 minutes and had an aluminum content of 41.9%, had the 

highest KIC value of all six specimens in both orientations.  Thus, 30 minutes must be 

sufficient to ensure good bond strength between layers.  In the parallel loading orientation 

(crack divider), fracture toughness decreased steadily with decreasing Al volume fraction, 

indicating a reduction of ductile reinforcement as intermetallic content increased. In loading 

perpendicular to the layers (crack arrester), fracture toughness showed a similar decreasing 

trend, with irregularities most likely caused by changes in failure mechanisms.  Comparing 

Figure 4.22 to the compression results (Figure 4.7), one sees further evidence that an ideal 

residual Al volume fraction may exist between 0.027 and 0.109. 
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Figure 4.22 – Affect of residual aluminum volume fraction on fracture toughness in parallel and 

perpendicular loading orientations. 

 

Table 4.6 - Summary of fracture toughness values observed in quasi-static 4PB testing. 

 

 

Al Volume 

Fraction 

KIC (MPa√m) 
Specimen Parallel Perpendicular 

          

     MIL-48 0.481 

 

20.86 14.16 

MIL-42 0.419 

 

31.65 20.14 

MIL-16 0.157 

 

28.19 10.76 

MIL-11 0.109 

 

26.83 12.09 

MIL-3 0.027 

 

24.91 12.99 

MIL-1 0.009 

 

24.47 8.88 
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4.2.2.1 Layers Parallel to the Applied Load 

 Figure 4.23 is a compilation of representative (maximum) load-strain curves from 

each specimen in the crack divider orientation.  Though the load-strain curve is dependent on 

sample dimensions, a general decrease in crack opening displacement prior to failure (i.e. 

plastic deformation) can be seen. 

MIL-48, being only 1.6% brittle intermetallic phase, showed distinctly ductile 

behavior, and so should have had the highest fracture toughness.  However, poor bonding 

between layers (seen in quasi-static compression tests as well) yielded a resistance to brittle 

fracture of only 20.86 MPa√m.  Figure 4.24 shows flat, ductile fracture of the Ti layers, and 

tearing/necking of the Al layers.  The dark gaps between layers are delaminated regions, 

which is a failure mechanism that occurred much less often in other specimens. 

 
 

Figure 4.23 – Representative stress-strain curves of each specimen tested under quasi-static 4PB 

at 0.001/s with layers oriented parallel to the applied load. 
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Figure 4.24 – SEM micrograph of the fracture surface of MIL-48 in quasi-static bending showing 

ductile fracture, tearing, and delamination. 

 

 MIL-42 had a fracture toughness of 31.65MPa√m, indicating primarily ductile 

behavior.  The failure mechanisms observed in MIL-48 can also be seen in Figure 4.25a, with 

the addition of intermetallic cracking.  Figure 4.25b shows Al3Ti centerline fracture and 

transverse cracking, as well as significant ductile tearing of the Al layers.  In samples of this 

specimen, the Al3Ti layer was sufficiently thin so that failure resulted in segmentation into 

small (~100µm) rectangular prisms (Figure 4.25c). During delamination, a majority of the 

Al3Ti remained bonded to the Ti, with some segments torn off by the Al.  No other specimen’s 

failure mechanisms included the formation of these intermetallic fragments. Delamination was 

far less common in MIL-42 compared to MIL-48.  This, in conjunction with the intermetallic 

fragmentation, proved that interlaminar bond strength increased greatly in MIL-42 (due to the 

longer processing time).  The primary toughening mechanism in MIL-42 was crack tip 
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convolution, in which overall crack front growth was retarded by the plastic tearing required 

for crack growth in the more ductile layer (Al).   

 
Figure 4.25– SEM micrographs of the fracture surface of MIL-42 crack divider samples in quasi-

static bending. (a) Ductile fracture of Ti layers, Al layer tearing, and Al3Ti layer cracking. (b) 

Detail of image (a) showing Al3Ti cracking.  (c) Segmented Al3Ti fragments still bonded to Al 

layer after separation indicative of increased interlaminar bond strength. 
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MIL-16 bend samples had an average fracture toughness of 28.19 MPa√m, which was 

not significantly lower than MIL-42 considering the sizeable drop in Al volume fraction; the 

largest contributing factors to fracture toughness in this orientation were increased Al3Ti 

content and the remaining ductile aluminum reinforcement.  The fracture surface of MIL-16 

crack divider samples (Figure 4.26a) was characterized by rough, uneven brittle fracture of the 

intermetallic layers, microvoid coalescence and slant fracture in the Ti layers, and 

necking/tearing of the Al layers (Figure 4.26b).  Slant fracture of the Ti layer may have been 

due to the formation of non-coplanar cracks in adjacent Al3Ti layers [43] and could have 

contributed to the high fracture toughness observed. The Al layer provided enough ductile 

reinforcement to prevent the flat fracture of the Al3Ti layers seen in specimens with less Al 

content.  There was also significantly less failure by clean delamination; a majority of the 

interfacial damage was cracking and separation of the intermetallic phase from the Ti layers, 

leaving some Al3Ti still bonded to the Ti.  Al3Ti centerline fracture was present but 

intermittent, as cracking was interrupted or diverted at intervals by transverse cracks.   

MIL-11 showed fracture mechanisms common to both MIL-16 and MIL-3.  Flat 

cleavage fracture of the Al3Ti layers was more prevalent as a failure mechanism than the 

uneven fracture seen in MIL-16 (comparing Figures 4.26a and 4.27a).  This is indicative of 

increasing brittleness, and explains the decrease in fracture toughness from 28.19 to 26.83 

MPa√m.  Figures 4.27b and 4.27c show Al3Ti centerline fracture and microcracking along the 

Al3Ti-Ti interfaces.  In MIL-11, the residual Al layer was still thick enough to fail by ductile 

tearing (Figure 4.27c), contributing a small degree of toughening by crack tip convolution. 

MIL-3 samples had an average fracture toughness of 24.91 MPa√m, continuing the 

trend of decreasing resistance to brittle fracture with increasing intermetallic phase content.  

Figures 4.27d-f show that even at 6.4μm thick, the residual aluminum layer served as an 

adequate boundary to crack propagation between intermetallic layers.  At that thickness it was 
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also able to prevent Al3Ti-Al delamination fracture—large scale cracking took place 

predominantly at the Al3Ti-Ti interfaces.  

MIL-1 samples had an average fracture toughness of 24.47 MPa√m, which was 

slightly lower than MIL-3.  Fracture in these samples showed much more Al3Ti-Al interface 

cracking and delamination, indicating that the Al centerline reached a thickness and oxide 

content that no longer adequately reinforced the Al3Ti bilayers.  This failure mechanism 

(Al3Ti bilayer centerline fracture, as seen in Figure 4.28b) was observed in other research [42, 

52] to be a leading factor in the reduction of composite strength and fracture toughness.  It is 

clear that the amount of residual aluminum in MIL-1 was insufficient to prevent this 

mechanism, so an optimal Al volume fraction would be greater than 1%.  This corroborated 

the results from quasi-static compression tests.  Figure 4.28a shows an increased percentage of 

Al3Ti flat cleavage and bilayer centerline fracture, in addition to Al3Ti monolayer centerline 

fracture (Figure 4.28c).  

 

Figure 4.26 – SEM micrographs of the fracture surfaces of MIL-16 in the crack divider 

orientation after quasi-static 4PB testing showing stair step Al3Ti fracture and slanted Ti 

fracture.   
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Figure 4.27 – SEM micrographs of the fracture surfaces of (a)-(c) MIL-11 and (d)-(f) MIL-3 in the 

crack divider orientation after quasi-static 4PB testing. 
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Figure 4.28 – SEM micrographs of the fracture MIL-1 in the crack divider orientation after 

quasi-static 4PB testing: (a) overview of fracture surface showing a higher percentage of Al3Ti 

flat cleavage fracture; (b) magnified image showing Al3Ti delamination from residual Al; (c) 

magnified image showing intermetallic centerline fracture, transverse cracking, and centerline 

cracking/delamination. 
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4.2.2.2 Layers Perpendicular to the Applied Load 

 In quasi-static loading perpendicular to the layers (crack-arrester orientation), a 4PB 

fracture toughness test is more a measure of interlaminar bond strength than resistance to 

brittle fracture.  As seen in Figure 4.29, no fracture parallel to the applied load occurred in any 

sample.  The only cracks that formed traveled perpendicularly along an interface on either side 

of the notch, and then grew from those crack tips.  MIL-48 and MIL-42 had microstructures 

that were still primarily ductile and so experienced a larger degree of compressive deformation 

after crack opening, hence the damage seen in Figure 4.29.  Figure 4.30 is a compilation of 

representative (maximum) load-deflection curves from each specimen in the crack divider 

orientation.   

 

 

 

 

 

 
 

Figure 4.29 – Photograph of an arrester samples from each specimen after testing in quasi-static 

4PB.  Notice the lack of fracture in the notch direction. 
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Figure 4.31 – SEM micrographs of MIL-48 arrester samples after quasi-static 4PB testing 

showing the surface texture of a delaminated layer of aluminum. 

 
Figure 4.30 – Representative stress-strain curves of each specimen tested under quasi-static 4PB 

at 0.001/s with layers oriented perpendicular to the applied load.  
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Figure 4.32 – SEM micrographs of MIL-42 arrester samples after quasi-static 4PB testing 

showing: (a) ductile crack termination without significant microstructural damage; (b) Al 

delamination and plastic deformation, and (c) Ti necking and fracture at the notch nip. 

 

MIL-48 failed by delamination after significant crack opening displacement.  With an 

average fracture toughness of only 14.16MPa√m, MIL-48 represented a local minimum 

toughness in both the arrester and divider orientations (see Figure 4.22) due to low 

interlaminar bond strength.  The magnified image in Figure 4.31c shows the surface texture of 

a delaminated layer of aluminum.  Arrows indicate points of adhesion that failed during 

loading, creating shear bands and the parallel striations more visible in 4.31b.  
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MIL-42 had an average fracture toughness KIC of 20.14 MPa√m.  Figure 4.32b shows 

the Ti layer at the notch tip necking, tearing, and delaminating from the Al layer above it.  

Figure 4.32c is a magnified image, detailing the Ti layer necking and showing the same Al3Ti 

segmentation seen in other mechanical tests of MIL-42.  The transverse delamination cracks 

from the notch tip arrested plastically without significant microstructural damage (Figure 

4.32a).   

 MIL-16 showed a large decrease in average fracture toughness—10.76 MPa√m 

compared to MIL-42 at 20.14MPa√m.  Samples of this specimen showed the first signs of 

significant microstructural damage above the notch (Figures 4.33a and 4.33b) and at the tips 

of the transverse delamination cracks (Figures 4.33c and 4.33d).  What is seen more clearly by 

optical microscopy than by SEM is the formation of shear bands in the Ti layers.  Cracking 

that initiated in an intermetallic layer created stress concentration points at the metal-

intermetallic interfaces, which formed shear bands that propagated from the crack tip through 

the Ti (and Al as shown in Figure 4.33e) and into the next intermetallic layer.  This lead to the 

formation of non-coplanar cracks formed in the adjacent intermetallic layers, which was also 

seen by Rawers et. al. [49] and Adharapurapu et. al. [43]. 

With a fracture toughness of 12.09 MPa√m, MIL-11 samples showed slightly better 

performance than MIL-16, indicating the emergence of an advantageous failure mechanism.  

Comparing Figure 4.33c to Figure 4.34c, one sees that there was actually less vertical crack 

initiation in the Al3TI layers, and an increase in transverse Al3Ti cracking.  The two are likely 

linked to the reduced thickness of the residual Al layer.  Shear band formation can still be seen 

in Figure 4.34b and 4.34d, but it is much less exaggerated than in MIL-16 and MIL-3. 
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Figure 4.33 – Failure of MIL-16 crack-arrester samples under quasi-static 4PB.  (a) and (b) show 

vertical intermetallic cracking and shear band formation in the Ti layers. (c-e) show plastic 

deformation and Al and Ti crack tip bridging. (a, c, e) are SEM micrographs, and (b) and (d) 

were taken by an optical microscope. 
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Figure 4.34 – Failure of MIL-11 crack-arrester samples under quasi-static 4PB.  (a) and (b) show 

vertical intermetallic cracking and shear band formation in the Ti layers. (c) and (d) show plastic 

deformation and Al and Ti crack bridging. (a) and (c) are SEM micrographs, and (b) and (d) 

were taken by an optical microscope. 
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MIL-3 showed another increase in fracture toughness over MIL-16 and MIL-9.  The 

flexural strength of MIL-3 (12.99MPa√m) can be explained by the appearance of more 

extensive damage at the ends of the transverse delamination cracks (Figure 4.35a).  With the 

propagation of an almost vertical crack, toughening mechanisms characteristic of a laminate 

structure (in the crack-arrester orientation) come into play: ductile ligament bridging and crack 

deflection.  Figure 4.35b shows the torturous path of the Al3Ti crack created by interactions 

with the ductile Ti layers, and to a lesser extent the Al layers.  Figure 4.35c is a magnification 

of 4.35b showing ductile crack bridging via plastic deformation of the Ti layer.  Also, the 

crack deflection (indicated in Figure 4.35b) caused by interface delamination contributed to 

the toughness of the sample.  On a smaller scale, ductile ligament bridging by the Al 

centerline was also observed in vertical Al3Ti cracks, indicating the residual Al was still 

beneficial at that volume fraction.    

The average fracture toughness of MIL-1 was the lowest of all six specimens: 8.88 

MPa√m.  Figure 4.30 shows that MIL-1 reached its first peak load (the first delamination 

moment) at a very low strain.  In stark contrast to MIL-3, which exhibited vertical fracture at 

the tip of the transverse delamination fracture, Figure 4.36 shows no major bridging cracks 

(see Figures 4.33c, 4.34c, and 4.35b).  Instead, there was a significantly greater density of 

Al3Ti cracks above the entire length of the transverse delamination crack (Figure 4.36a).  

Figure 4.36b shows a secondary delamination crack and transverse cracks in the intermetallic 

layers above the notch.  Both inter- and intragranular cracking can be seen in Figure 4.36c, an 

SEM micrograph of a fractured intermetallic layer near the notch tip.  MIL-1 showed the 

worst performance in both parallel and perpendicular 4PB tests, indicating that the residual Al 

at the intermetallic centerline was no longer adding to the fracture toughness of the composite.  

Figure 4.37 is a collection of optical micrographs showing the failure evolution MIL-16, MIL-

11, MIL-3, and MIL-1 crack-arrester samples.  As the residual aluminum centerline thinned 
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from MIL-16 to MIL-3, both microstructural damage and fracture toughness increased.  MIL-

1 shows an obvious break from that pattern, evidenced by its low fracture toughness. 

 

 

 

Figure 4.35 – Failure of MIL-3 crack-arrester samples under quasi-static 4PB.  (a) Stitched 

panorama of the transverse delamination that propagated from the crack tip and (b, c) cracking 

and arresting at the tip. (d) Optical micrograph of the region in (b) showing shear band 

deformation and crack bridging by Ti layers. 
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Figure 4.36 – Failure of MIL-1 crack-arrester samples under quasi-static 4PB.  SEM micrographs 

of: (a) significant Al3Ti cracking without propagation of a single fracture; (b) delamination and 

fracture at the notch tip; (c) inter- and intragranular fracture of Al3Ti grains near the crack tip.  
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Figure 4.37 – Optical micrographs showing the failure evolution of four crack-arrester samples 

after quasi-static 4PB.  Notice the increasing microstructural damage from MIL-16 to MIL-3 as 

the residual Al content decreases. 
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4.2.3 High Strain-Rate Compression Testing 

 High strain-rate compression tests were performed on small rectangular samples at 

strain rates of ~10
3
/s.  Both extreme layer orientationswere tested for each specimen.  A brief 

summary of the results is presented in Table 4.7.  Graphical representation of the data is 

presented in Figure 4.7, showing the relationship between residual aluminum volume fraction 

and yield stress.  Comparing Figure 4.38 to Figure 4.7, the trends observed in the parallel and 

perpendicular orientations are very similar to those of quasi-static compression testing.  One 

of the differences is the across-the-board increase in yield stress, which is typical when 

comparing low and high strain-rate characteristics.  However, the most immediately obvious 

difference is the abnormal performance of MIL-3.  MIL-3 did not show anomalous behavior in 

any prior tests, and may be explained by a systematic error of the testing apparatus or a novel 

response of the specimen to dynamic loading.  As a note, all dynamically loaded compression 

samples were cold-mounted and polished after testing. 

 

 

Table 4.7 - Summary of yield stresses observed in dynamic compression testing. 

 

 

Al Volume 

Fraction 

Yield Stress (MPa) 

Sample ID Parallel Perpendicular 

        

    MIL-48 0.481 497.3 586.7 

MIL-42 0.419 664.9 631.8 

MIL-16 0.157 776.6 893.3 

MIL-11 0.109 1085.9 953.1 

MIL-3 0.027 598.6 711.2 

MIL-1 0.009 957.6 1053.0 
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4.2.3.1 Layers Parallel to the Applied Load 

 When loaded parallel to their layers, results showed many similarities with quasi-

static compression tests.  Comparing Figure 4.39 to Figure 4.8, MIL-48 and MIL-42 behaved 

very similarly, except MIL-16 and MIL-11 showed a degree of plasticity prior to failure closer 

to that of MIL-3 and MIL-1.  Otherwise, the failure strain range in both tests was almost the 

same. 

 

 

 

 
 

Figure 4.38 – Affect of residual aluminum volume fraction on compressive yield stress in dynamic 

testing of parallel and perpendicular loading orientations.  Compare to Figure 4.7 
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MIL-48 had an average yield stress of 497.3 MPa, which was noticeably higher than 

its yield strength in quasi-static loading.  Failure was marked by buckling and large scale 

delamination, as shown in Figure 4.40.  In the SEM micrograph shown, the light layers are Ti 

and the dark layers are Al.  Al3Ti played no role in the failure of this specimen, nor was there 

any evidence of shear fracture or crack initiation.  As seen in Figure 4.39, MIL-48 experienced 

a significant degree of plasticity prior to failure. 

 MIL-42 exhibited very similar plastic deformation prior to failure, but the Al3Ti layers 

played a much more important role.  All the delamination in the sample shown in Figure 4.41 

occurred via intermetallic centerline fracture.  The average yield stress of MIL-42 samples 

 
 

Figure 4.39 – Representative stress-strain curves of each specimen tested under dynamic 

compression at 1000/s with layers oriented parallel to the applied load. 
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was 664.9 MPa, which was almost exactly the increase over MIL-48 seen in quasi-static 

testing despite the differences in failure mechanisms.    

 

 

Figure 4.40 – SEM micrograph of MIL-48 cold-mounted and polished after dynamic compression 

showing large scale delamination and buckling without shear fracture. 

 

 

 
Figure 4.41 – SEM micrographs of MIL-42 cold-mounted and polished after dynamic 

compression showing (a) large scale delamination, buckling, and (b) Al3Ti centerline fracture.  

Light layers are Ti, dark layers are Al.  
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MIL-16 did not show the same marked increase in yield strength over MIL-42 that it 

did in quasi-static compression.  In fact, MIL-16 samples performed better in quasi-static tests, 

where the average yield stress was 841.5MPa compared to 776.6MPa in dynamic.  Figures 

4.42a and 4.42b show that the reinforcing Al layers kept their neighboring intermetallic layers 

intact, and delamination fracture occurred only at the Ti-Al3TI interfaces.  This bilayer 

behavior also appeared in quasi-static compression of MIL-16, as seen when comparing 

Figure 4.42 and Figure 4.11.  Intermetallic bilayers failed by transverse cracking and shear 

fracture. 

 
 

Figure 4.42 – SEM micrographs of MIL-16 cold-mounted and polished after dynamic 

compression showing (a) delamination cracking, buckling, and (b) Al3Ti centerline fracture.   

 

MIL-11 had the highest average yield stress in both quasi-static and dynamic tested, 

positively reinforcing the assumption that there is an ideal residual Al volume fraction near 

11%.  The average yield stress was 1085.9 MPa, compared to 999.2 MPa at low strain-rate.  

Failure was characterized by large scale fracture of intermetallic layers between buckled 

layers of Ti (Figures 4.43a and 4.43b).  However, unlike in MIL-16 samples, no Al-Al3Ti 

delamination occurred in regions of massive deformation.  Figure 4.43c shows delamination 

fracture at Ti-Al3Ti interfaces and Al3Ti single-layer centerline fracture.   



95 

 

 

 

 
 

Figure 4.43 – SEM micrographs of MIL-11 cold-mounted and polished after dynamic 

compression showing (a, b) intermetallic layer reinforcement by plastic deformation of Ti layers, 

and (c) Al3Ti centerline fracture.   

 

 
 

Figure 4.44 – SEM micrographs of MIL-3 cold-mounted and polished after dynamic compression 

showing (a) shear fracture, buckling, and (b) Al3Ti centerline fracture. 
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MIL-3 represented an anomalous, singular divergence from the trend that had agreed 

with quasi-static test results for all the previous specimens.  Two averages emerged within the 

data for MIL-3: 598.6 and 963.9 MPa.  Even though twice as many samples were tested 

compared to other specimens, the data still pointed to the lower value (6 samples showed the 

low yield stress and 3 showed the high one).  The reason for the two distinct averages lies in 

the failure mechanisms of MIL-3.  All the samples that yielded near 600 MPa failed by 

delamination and Al3Ti single-layer centerline fracture only, as in Figure 4.45b.  Yield stresses 

near 1 GPa were seen in samples that had the added failure mechanism of a-type shear 

fracture, as in Figure 4.45a.  

 MIL-1 samples were all very nearly obliterated.  The average yield stress was 957.6 

MPa for MIL-1, which showed the only case in dynamic compression testing of failure by 

delamination fracture at the intermetallic centerline.  Fracture at the [bilayer] centerline was 

also observed in quasi-static compression tests of MIL-1 (though to a far lesser degree), but 

did not significantly decrease the strength of the sample.   

 

 
 

Figure 4.45 – (a) and (b) are SEM micrographs of MIL-1 cold-mounted and polished after 

dynamic compression showing failure by delamination at the intermetallic centerline (arrows). 
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4.2.3.2 Layers Perpendicular to the Applied Load 

 Figure 4.46 is a compilation of representative stress-strain curves from each MIL 

specimen with layers oriented perpendicular to the loading direction.  Samples from every 

specimen showed some degree of plastic behavior after yield, while toughness decreased with 

Al volume fraction. In this orientation, specimen yield stress increased almost linearly from 

MIL-48 to MIL-1.  MIL-3 was the only outlier, showing a reduced yield stress not in keeping 

with the trend.  Behavior was more uniform among similar specimens compared to 

performance in parallel loading (see Figure 4.8); stress-strain curves show a certain degree of 

grouping by residual Al content.  

 

 

 
 

Figure 4.46 – Representative stress-strain curves of each specimen tested under dynamic 

compression at 1000/s with layers oriented perpendicular to the applied load. 
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 MIL-48 and MIL-42 behaved very similarly in dynamic compression.  The average 

yield stress of MIL-48 was 586.7 MPa, and for MIL-42 σy = 631.8 MPa—not a very 

significant difference considering a standard deviation of roughly 20 MPa.  MIL-48 failed by 

macrostructural deformation and Al expulsion, as seen in Figure 4.47a, with no 

microstructural cracking or shear fracture (Figure 4.47b).  MIL-42 showed similar failure 

characteristics, with the addition of intermetallic layer cracking.  Figure 4.48b is an SEM 

micrograph of a single Al layer with bordering intermetallic layers.  There is no evidence of 

shear band growth through the Al layer with renucleation at the adjacent interface.  Due to the 

lack of shear deformation, stress buildup in the Al3Ti layers resulted in the high crack density 

shown.  

 As in quasi-static compression testing, MIL-16 showed a large increase in strength 

over MIL-42.  The higher strength can be attributed to the introduction of shear fracture as a 

failure mechanism, made possible by the increase in intermetallic content.  For MIL-16, σy = 

893.3 MPa.  Comparing Figure 4.49 to Figure 4.19, it is clear that deformation was very 

similar between the high strain-rate and quasi-statically tested samples. 

 MIL-11’s performance did not differ very much from that of MIL-16 or from its 

quasi-static results.  There are very few differences between the SEM micrographs in Figures 

4.50, 4.49, 4.20, and 4.19, indicating that when loaded perpendicular to their layers the 

strength of the composite was not significantly affected by the decrease in Al volume content 

from 16% to 11%.  In all cases the thickness of the residual Al layers served to prevent the 

propagation of large cracks from one intermetallic layer to the next through the centerline.  

The yield stress of MIL-11 was 953.1 MPa, which was an increase of 6.7% over MIL-16.   

 The average yield stress of MIL-3 samples was 711.2 MPa, which represented a 

significant deviation from the trend established by the previous 4 specimens (and MIL-1).  

With similar performance in dynamic compression of parallel samples (Figure 4.38), the 
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reason is most likely microstructural in nature.  Figure 4.51 shows a-type shear fracture 

surrounded by almost no intermetallic cracking.  Due to the instability and unreliability of 

MIL-3 in dynamic compression (in both orientations), it can be concluded that Al volume 

content near 3% is disadvantageous.   

 MIL-1, which had even less residual aluminum than MIL-3, did not show unpredicted 

results in dynamic compression.  With an average yield stress of 1053 MPa, this specimen 

behaved in accordance with its quasi-static test results.  Figure 4.52a shows double-shear 

failure, which occurred in several of MIL-1 samples. Compared to MIL-3, samples of this 

specimen exhibited a moderately higher degree of Al3Ti vertical cracking, though a majority 

of the cracking was transverse and along the centerline (Figures 4.52b and 4.52c). The 

transverse intermetallic centerline fracture seen in Figure 4.52c did not have a significant 

negative effect on the yield stress of the sample.  

 

 

 

 
Figure 4.47 - SEM micrographs of MIL-48 cold-mounted and polished after dynamic 

compression showing 
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Figure 4.48 - SEM micrographs of MIL-42 cold-mounted and polished after dynamic 

compression showing 

 
 

Figure 4.49 - SEM micrographs of MIL-16 cold-mounted and polished after dynamic 

compression showing (a) shear fracture and (b) and magnified image of intermetallic cracking 

and Ti shear deformation. 
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Figure 4.50 - SEM micrographs of MIL-11 cold-mounted and polished after dynamic 

compression showing (a) shear fracture and (b) and magnified image of intermetallic cracking 

and Ti shear deformation. 

 
 

 

Figure 4.51 - SEM micrograph of MIL-3 cold-mounted and polished after dynamic compression 

showing a lack of intermetallic cracking. 



102 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.52 - SEM micrographs of MIL-1 cold-mounted and polished after dynamic compression 

showing 
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4.2.4 High Strain-Rate Four Point Bend Testing 

 Four point bend (4PB) tests were performed on small rectangular beams (see Figures 

3.3 and 3.4.5).  Both extreme layer orientations were tested for each specimen.  A brief 

summary of the results is presented in Table 4.8.  Graphical representation of the data is 

presented in Figure 4.53, showing the relationship between residual Al content and fracture 

toughness in the parallel and perpendicular orientations.  In the parallel orientation, the results 

are shown for both fracture time determination methods: high-speed camera and strain gage.  

Though the toughness values given by the strain gage method (―Parallel SG‖ in Figure 4.53) 

are consistently lower, the trend is almost identical.  Both parallel sample curves show 

increased performance in MIL-48 and MIL-11 samples.  The curve representing perpendicular 

samples is very similar to the curve seen in quasi-static 4PB (see Figure 4.22).   

 

 

Table 4.8 - Summary of fracture toughness values observed in dynamic 4PB testing. 

  

 

Al Volume 

Fraction 

KIC (MPa√m) 
Specimen Parallel Perpendicular 

        

    MIL-48 0.481 49.08 17.58 

MIL-42 0.419 49.69 27.06 

MIL-16 0.157 43.28 21.17 

MIL-11 0.109 51.76 24.97 

MIL-3 0.027 41.10 25.88 

MIL-1 0.009 40.69 24.51 
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Figure 4.53 – Affect of residual aluminum volume fraction on fracture toughness KIC in parallel 

and perpendicular loading orientations under dynamic 4PB.  The parallel orientation curves 

generated by the high-speed camera and strain gage methods show almost identical trends. 

 

4.2.4.1 Layers Parallel to the Applied Load 

 As in quasi-static 4PB testing, no primary crack propagated from the tip of the notch 

parallel to the applied load in any sample of any specimen.  Results from the samples fitted 

with a strain gage positively confirmed the accuracy of the methodology described in Section 

3.3.4 (in which a high-speed camera was used to monitor and accurately time the critical crack 

initiation moment).  As seen in Figure 4.53, the average fracture toughness values calculated 

generally agree with quasi-static findings, barring the behavior of MIL-48 and MIL-11. Figure 

5.54 shows that, typically, crack initiation in each specimen was between 30 and 50μs.   
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Figure 4.54 – Representative load-time curves of each specimen tested under high strain-rate 4PB 

with layers oriented parallel to the applied load. 

 

MIL-48 samples had an average fracture toughness, KIC, of 49.08 MPa√m, which was 

more than twice that of its fracture toughness in quasi-static 4PB—20.86 MPa√m (Table 4.6).  

This dramatic increase may be attributed to a lack of time given to debonding and layer 

separation resulting from the high strain-rates of the deformation process, even though the 

fracture surfaces of the dynamic samples (Figure 4.55) and quasi-static samples (Figure 4.24) 

are very similar.  Figure 4.55b shows Ti slant fracture influenced by points of adhesion 

between Ti and Al that did not delaminate.  This failure characteristic was also seen in quasi-

statically tested samples.  Figure 4.55c is an SEM micrograph of a de-bonded region in which 

the thin intermetallic layer remained unbroken on the Ti layer.  

MIL-42 represented a small increase in fracture toughness over MIL-48, with KIC = 

49.69 MPa√m.  The ubiquitous intermetallic segmentation visible in Figure 4.56 was very 

similar to what was seen in quasi-static tests (Figure 4.25), though the dynamically tested 
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samples experienced a higher degree of ply separation.  Figure 4.56b is an SEM micrograph 

showing Al3Ti bonded to the Al and Ti layers in an anomalous, transverse out-of-plane 

pattern. Figure 4.56c is a magnified image of a necked and torn aluminum layer with 

embedded intermetallic fragments. 

 Fracture toughness decreased to 43.28 MPa√m in MIL-16 samples.  This can be 

attributed to the increase in intermetallic content and the presence of extensive Ti-Al3Ti 

interface fracture (see Figure 4.57a).   Almost identical failure mechanisms were observed in 

quasi-static loading (see Figure 4.26).  Crack front convolution caused by the large difference 

in elasticity between ductile Al centerline and bonded intermetallic layers prevented the flat 

cleavage fracture characteristic of brittle failure, and instead lead to the formation of the stair-

step fracture seen in Figure 4.57b.  This type of fracture is distinguished by non-coplanar 

transverse intermetallic cracking blunted and redirected by the thick reinforcing Al layer. 

MIL-11 showed superior performance in dynamic 4PB that it did not show under 

quasi-static loading.  KIC for MIL-11 was 51.76 MPa√m, which may be attributed to an 

optimal residual Al volume fraction.  Failure mechanisms in this specimen were similar to 

those seen in quasi-static testing (see Figure 4.27a-c), but with far less Al3Ti flat cleavage 

fracture.  Figure 4.58a-c shows stair step fracture and Al reinforcement comparable to MIL-

16, but with a general lack of Al3Ti-Ti interface fracture.  At 11%Al, in dynamic loading the 

ductile Al layer was still capable of preventing the failure mechanisms common of low KIC 

materials, resulting in a drastic increase in fracture toughness. 

The decrease in fracture toughness in MIL-3 to KIC = 41.1 MPa√m was caused by an 

increase in brittle flat-fracture in Al3Ti layers due to decreased Al content (see Figure 4.59a).  

Though no cracking initiated at the Al3Ti bilayer centerline (indicated by arrows in Figure 

4.59b), the residual Al layer was no longer thick enough to prevent transverse fracture or 
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meandering intermetallic cracks.  As seen in Figure 4.59c, the Al layer sheared where it was 

met by horizontal cracks.   

 A distinct change in failure mechanisms was observed in MIL-1 samples, which had 

an average fracture toughness of 40.69 MPa√m.  Samples of this specimen showed the onset 

of Al3Ti bilayer centerline fracture.  However, this new mode of fracture did not contribute 

noticeably to a change in its toughness (only 5.3% lower than MIL-3, which showed no 

centerline fracture).  Figure 4.60 is a collage of SEM micrographs detailing centerline, 

transverse, and inter- and intragranular cracking in the Al3Ti layers.  The results of dynamic 

4PB testing indicate that MIL-3 and MIL-1 have too little residual Al content when compared 

to the performance of MIL-11. 

 
 

Figure 4.55 – SEM micrographs of the fracture surface of MIL-48 in dynamic 4PB showing: (a) a 

fracture surface similar to quasi-static 4PB samples; (b) Al layer tearing, and Ti layer microvoid 

coalescence and slant fracture; (c) the thin intermetallic layer still bonded to the Ti layer. 
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Figure 4.56 – SEM micrographs of the fracture surface of MIL-42 in dynamic 4PB showing: (a) 

wide-spread ply separation and intermetallic segmentation; (b) and (c) magnifications of 

intermetallic segmentation. 

 

 

 
 

 
 

Figure 4.57 – SEM micrographs of the fracture surfaces of MIL-16 in the crack divider 

orientation after dynamic 4PB testing showing (a) stair-step Al3Ti fracture and slanted Ti 

fracture. (b) Magnification of (a).  The Al layer provided enough ductile reinforcement to prevent 

flat cleavage fracture of the Al3Ti layers seen in specimens with less Al content. 
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Figure 4.58 – SEM micrographs of the fracture surface of MIL-11 after dynamic 4PB testing 

showing: (a) less interfacial fracture than MIL-16; (b) and (c) the Al centerline prevented 

transverse fracture of the Al3Ti bilayers. 
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Figure 4.59 – SEM micrographs of the fracture surface of MIL-3 after dynamic 4PB testing 

showing: (a) increased presence of intermetallic flat cleavage fracture; (b) and (c) the residual Al 

centerline (indicated by arrows) was not thick enough to prevent transverse fracture in the Al3Ti 

bilayers. 
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Figure 4.60 – SEM micrographs of the fracture surface of MIL-1 after dynamic 4PB testing 

showing: (a), (b), (d) emergence of intermetallic centerline fracture as a primary failure 

mechanism; (c) plastic tearing of the Ti layer; (e) magnified image of (d) showing inter- and 

intragranular (arrows) cracking in the intermetallic phase. 
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4.2.4.2 Layers Perpendicular to the Applied Load 

 As seen in Figures 4.53 and 4.62, though the trend among crack-arrester samples was 

similar in dynamic and quasi-static testing, the trend itself did not indicate any significant 

changes in fracture toughness.  Barring the comparatively poor performance of MIL-48 and 

MIL-16, the other four specimens showed average KIC values that were almost the same 

(Table 4.8).  Figure 4.61 shows a broken strain gage used to confirm the peak load method 

used to determine the critical crack initiation load (described in Section 3.3.4).  The results 

indirectly validated the method used in quasi-static testing of crack-arrester samples (and by 

Zhang and Lewandowski [48]).  

 

 

 

 

 
 

Figure 4.61 – Optical micrograph of a broken strain gage spanning the transverse crack of a 

crack-arrester sample. 
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Figure 4.62 – Representative load-time curves of each specimen tested under high strain-rate 4PB 

with layers oriented perpendicular to the applied load. 

 

 MIL-48 and MIL-42 behaved very similarly both to each other and to their quasi-

statically tested counterparts.  With insignificant brittle intermetallic content, failure was 

primarily plastic deformation and propagation of a single major delamination crack at an Al-

Al3Ti interface.  Figure 4.63 shows side-by-side images recorded by the high-speed camera of 

a sample from each specimen well into the deformation process (crack onset typically initiated 

around 20 to 30μs after loading).  Clearly there was very little difference, considering the large 

gap in fracture toughness: KIC for MIL-48 was 17.58 MPa√m, KIC for MIL-42 was 27.06 

MPa√m.  This gap was most likely caused by poor bonding in the MIL-48 samples, which was 

the explanation put forth to explain the quasi-static results. 
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Figure 4.63 – High-speed camera images showing the failure of (a, b) MIL-48 and (c, d) MIL-42 

crack-arrester samples under dynamic 4PB. 

 

 MIL-16 had an average fracture toughness of 21.17 MPa√m, which was roughly 

halfway between MIL-48 and MIL-42 and almost exactly twice that of the average fracture 

toughness it showed in quasi-static testing (10.76 MPa√m).  The high-speed camera did not 

reveal any novel fracture mechanisms, but optical microscopy of the arrested tips of the 

transverse delamination crack revealed a substantial increase in microstructural damage (see 

Figure 4.64).  The increase in deformation brought with it an increase in microstructural 

toughening mechanisms over what was seen in quasi-static testing; crack deflection by 

delamination ahead of the crack, shear band formation in the Ti and Al layers , and ductile 

layer crack bridging all exist to some extent.  

 In quasi-static 4PB, the appearance of additional crack deflection and bridging led to 

an increase in fracture toughness.  Comparison of the failure mechanisms in Figure 4.64 

reveals the same trend seen in Figure 4.37: increasing deformation with decreasing Al content, 
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except for MIL-1.  However, MIL-11, MIL-3, and MIL-1 did not differ in fracture toughness 

to an extent consistent with the different degrees of microstructural damage each experienced.   

There is not even 1.5 MPa√m between the lowest and highest of the three.  MIL-11 showed 

much less crack bridging than MIL-3, and MIL-1 showed increased levels of delamination 

with almost no crack bridging.  The high speed photographs of MIL-11 in Figure 4.65a reveal 

the onset of secondary fracture growth above the notch, which was primarily plastic 

deformation of the Ti layers and transverse boundary cracking in the intermetallic layers (see 

Figure 4.65b).  Figure 4.66 shows that MIL-3 damage was basically an exaggeration of MIL-

11, with increased delamination fracture.  Figure 4.67 shows the massive damage experienced 

by MIL-1 during dynamic 4PB.  Even with all the apparent differences in failure mechanisms, 

fracture toughness seemed unaffected.  It is possible that in high strain-rate 4PB, aluminum 

volume fractions below 11% show only minor differences in fracture toughness despite 

apparently large difference in failure.  

This chapter is currently being prepared for submission for publication of the material.  

The dissertation author was the primary investigator and author of this material. 
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Figure 4.64 – Optical micrographs depicting the evolution of failure of MIL-16, MIL-11, MIL-3, 

and MIL-1 crack-arrester samples under dynamic 4PB.  Microstructural damage increases up to 

MIL-1, where delamination plays a larger role. 
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(a) 

 

 
(b) 

 

Figure 4.65 – (a) High-speed camera images showing the failure of MIL-11 under dynamic 4PB. 

(b) Optical micrograph of the notch tip seen in (a) at 222 microseconds. 
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(a) 

 

 
(b) 

 

Figure 4.66 – (a) High-speed camera images showing the failure of MIL-3 under dynamic 4PB. (b) 

Optical micrograph of the notch tip seen in (a) at 222 microseconds. 
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(a) 

 

 
(b) 

 

Figure 4.67– (a) High-speed camera images showing the failure of MIL-1 under dynamic 4PB. (b) 

Optical micrograph of the notch tip seen in (a) at 222 microseconds. 
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Chapter 5 

Summary and Conclusions 

 The effects of ductile phase volume fraction on the mechanical properties of Ti-Al3Ti 

metal-intermetallic laminate composites have been investigated, with the primary motivation 

of determining if the presence of a residual aluminum layer at the intermetallic centerline 

could potentially increase the performance of a Ti-6Al-4V based MIL composite.  Therefore, 

the first objective of the present research was to produce several composites from initially 

identical foil stacks with final microstructures varying in aluminum content.  The second 

objective was to perform a gamut of mechanical tests not solely to determine the composites’ 

mechanical properties, but to examine performance trends between specimens. 

 

5.1 Specimens Produced 

 Six plates of a Ti-Al3Ti metal-intermetallic laminate composite were fabricated from 

commercially available Ti and Al foils of the same thickness by a controlled reaction process 

in open air that incorporated elevated temperatures and pressures.  The processing parameters 

were varied such that each plate contained a different volume fraction of residual aluminum, 

with Al content determining specimen designation: MIL-48, MIL-42, MIL-16, MIL-11, MIL-

3, MIL-1 (in order of decreasing aluminum content from 48% to 1%).  It was shown by SEM 

EDS analysis that every specimen contained an aluminum layer at the intermetallic centerline, 

and that the centerline contained all the oxides and impurities initially present on the surfaces 

of the foils.  SEM analysis of the microstructures of the specimens produced, in conjunction 

with the EDS data, confirmed the success of the reaction sintering process as compared to 

previous research utilizing the same techniques [8, 29, 30, 39, 42, 43, 50-52].   
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5.2 Compression Testing 

 Compression tests were performed at quasi-static and dynamic strain-rates (10
-3

 and 

10
3
 /s, respectively) with composite layers oriented parallel and perpendicular to the load axis.  

A summary of the results can be seen in Table 5.1 (combination of Tables 4.5 and 4.7). 

Quasi-static compression trends: 

Parallel orientation: increasing compressive strength with decreasing Al content, up to 

a maximum at ~11%Al. 

 Perpendicular orientation: increasing compressive strength with decreasing Al 

content, then a sharper increase below ~11%Al. 

Dynamic compression trends:  

 Parallel orientation: similar to the quasi-static trend, but with slightly elevated values 

across the board, and a dramatic decrease at ~3%Al and increase at ~1%Al. 

 Perpendicular orientation: similar to the quasi-static trend for perpendicular samples, 

but with a lower strength at ~3%Al in keeping with the trend for dynamic testing of 

parallel samples.  

 

 

Table 5.1 – Summary of average yield stresses observed in quasi-static and dynamic compression 

 

  

Yield Stress (MPa) 

 
Al Volume 

Fraction 

Parallel Perpendicular 

Specimen Quasi-Static Dynamic Quasi-static Dynamic 

            

      MIL-48 0.481 337.4 497.3 404.47 586.7 

MIL-42 0.419 483.9 664.9 450.6 631.8 

MIL-16 0.157 841.47 776.6 665.93 893.3 

MIL-11 0.109 999.2 1085.9 715.8 953.1 

MIL-3 0.027 938.3 598.6 996.4 711.2 

MIL-1 0.009 908.9 957.6 1047.9 1053 
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In the parallel orientation under quasi-static compression, shear fracture did not 

appear as a failure mechanism until Al content had reduced to 16%, corresponding to a large 

increase in strength.  Interface cracking and decohesion occurred primarily at Ti-Al3Ti 

interfaces, rather than Al-Al3Ti (i.e. the intermetallic centerline).  In the perpendicular 

orientation, MIL-3 and MIL-1 had the highest compressive strength, due to their high 

intermetallic content.  

Under dynamic compression in both orientations, the failure mechanisms of each 

specimen corresponded roughly to those seen in quasi-static testing, though obviously greatly 

exaggerated because of the extreme strain-rates.  It became apparent that the microstructure of 

MIL-3 was unstable when subjected to dynamic loads, as evidenced by the significant 

departures from trends observed in both quasi-static and dynamic loading.  In general, the 

results indicated that MIL-11 had an optimal aluminum content for ample performance in both 

quasi-static and dynamic compression testing. 

 

5.3 Four Point Bend Testing 

 Flexure tests were performed quasi-statically and dynamically with composite layers 

oriented parallel and perpendicular to the load axis.  A summary of the results can be seen in 

Table 5.2 (combination of Tables 4.6 and 4.8). 

Quasi-static trends: 

Parallel orientation: predictably decreasing toughness with increasing intermetallic 

content.  No apparent contribution to the trend by changing Al content. 

 Perpendicular orientation: low toughness at 16%Al, followed by slight increase 

between 11%Al and 3%Al, and a decrease at 1%Al. 
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Dynamic trends:  

 Parallel orientation: similar to the quasi-static trend, but with significantly elevated 

values across the board (double in most cases), and a dramatic increase at ~11%Al. 

 Perpendicular orientation: similar to the quasi-static trend for perpendicular samples. 

For samples in the perpendicular orientation at both strain-rates, increasing 

microstructural damage corresponded to an increase in toughness.  This was primarily because 

as damage increased, toughening mechanisms like ductile ligament bridging and crack 

deflection became more prevalent (indicative of R-curve behavior, though this was not 

specifically tested for).   

For samples loaded parallel to their layers, the trend observed for failure mechanisms 

was increasing flat cleavage fracture of the intermetallic layers with decreasing Al content.  

This trend was seen at both strain-rates.  As the aluminum centerline thinned, the intermetallic 

layers became less prone to the stair-step fracture indicative of crack front convolution.  The 

evidence was clear from the dynamic results that the ideal residual aluminum volume fraction 

was ~11%. 
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5.4 Conclusions  

The conclusions of this research can be summarized as follows: 

1. By controlling the duration of the reactive foil sintering process, composites can be 

fabricated in which a predictable amount of residual aluminum remains. 

2. SEM EDS analysis shows that the residual Al layer contains all the oxides and 

impurities initially present on the foils’ surfaces. 

3. Quasi-static compression tests performed on the composites clearly indicate a residual 

aluminum content at which the properties of the composite change. 

4. Dynamic compression tests confirm the findings from quasi-static tests, and 

additionally clarify that below 11%Al the presence of the aluminum centerline may 

have deleterious effects on mechanical properties.  

5. Quasi-static four point bend tests performed on the composites are less indicative of a 

change in toughness at 11%Al, but do show a sharp decrease at 16%Al when loaded 

perpendicular to the layers.   

6. Dynamic four point bend tests show very similar results to the quasi-static tests, but 

with a clear maximum toughness at 11%Al in the parallel orientation.  The results of 

Table 5.2 - Summary of average toughness values observed in quasi-static and dynamic 4PB 

 

  

KIC (MPa√m) 

 
Al Volume 

Fraction 

Parallel Perpendicular 

Specimen Quasi-Static Dynamic Quasi-static Dynamic 

            

      MIL-48 0.481 20.86 49.08 14.16 17.58 

MIL-42 0.419 31.65 49.69 20.14 27.06 

MIL-16 0.157 28.19 43.28 10.76 21.17 

MIL-11 0.109 26.83 51.76 12.09 24.97 

MIL-3 0.027 24.91 41.10 12.99 25.88 

MIL-1 0.009 24.47 40.69 8.88 24.51 
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perpendicular samples are less conclusive, but confirm the results from quasi-static 

tests.   

7. Fracture always initiated in the Al3Ti layers, and interfacial cracking and separation 

showed varying degrees of preference between Al-Al3Ti and Ti-Al3Ti interfaces.  In 

specimens with Al content between 16% and 3%, the residual Al at the intermetallic 

centerline served as a ductile reinforcing layer that mitigated Al3Ti damage to some 

extent and prevented delamination.  In MIL-1 samples, the Al layer was too thin and 

too highly concentrated with oxides and impurities to prevent Al3Ti centerline 

fracture. 

8. There is an amount of residual aluminum at the intermetallic centerline that increases 

(but more importantly does not decrease) the mechanical properties of the Ti-Al3Ti 

MIL composite.  For this particular system with the initial foils used, that optimal Al 

content is at or near 11%. 

 

This chapter is currently being prepared for submission for publication of the material.  

The dissertation author was the primary investigator and author of this material. 
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Chapter 6 

Future Work 

 Because it has been shown that leaving a layer of unreacted aluminum in the 

composite microstructure can be beneficial to the mechanical properties of the composite, the 

doorway has been opened to more extensive research in MIL composites incorporating a 

wider variety of metals, but specifically Ti-6Al-4V.    

This chapter is currently being prepared for submission for publication of the material.  

The dissertation author was the primary investigator and author of this material. 
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