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ABSTRACT
.-~ Aluminum¢lithium alloys have recently been recognized for their potential as

aerospace alloys. Al-Li alloys offer the combination of high strength and elastic modulus
with low density, thereby resulting in substantial weight and cost savings. The
precipitation of the metastable &' (Al3Li) phase upon aging provides considerable increases
in strength. The major problem encountered thus far is that the &' phase, due to its
shearable nature, causes slip localization, reducing ductility and fracture toughness. The
present study is based on the theory that by altering the precipitation behavior and
characteristics by additions of titanium it will be possible to disperse slip and consequently

increase fracture toughness. Titanium has been selected as the alloying element because in
the Al-Ti binary system Al3Ti forms with lattice parameter and crystal structure similar to

those of Al3Li.

Al-3Li, Al-3Li-0.2Ti and Al-3Li-0.8Ti (wt%) alloys were processed using powder
metallurgy and were extruded. Microstructural characterization at various age hardening
conditions has been carried out. A ternary Al3(Li,Ti) phase, designated o', precipitates
upon solution heat treatment at 500 C for 24 hours. Q' precipitates as a coherent ordered
precipitate with high matrix coherency strain. Upon aging, d' precipitates both
homogeneously in the matrix and heterogeneously at the a'/matrix interface, forming a
"composite” precipitate consisting of an a' core surrounded by 8'. The technique of
superlattice dark field image calculation has been used to determine the composition of the
Al3(Lig,Tij.x) phase. The value for x has been determined to be ~ 0.4 - 0.6.

The mechanical properties of the alloys have been determined at several aging
conditions. The stength of the alloy increases significantly at each aging condition as
titanium is added to the system. Elongation to failure remains fairly constant with titanium
additions, but fracture toughness drops as higher amounts of titanium ar. . j.d. The Al-

3L1-0.2Ti alloy shows the best combination of strength and toughness.
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INTRODUCTION

Lithium-containing aluminum alloys, although first investigated in the early 1920's,
have just recently been recognized for their potential as aerospace alloys. Aluminum-
lithium alloys offer a desirable combination of higher strength and elastic modulus in
conjunction with reduced density as compared to conventional aluminum alloys.1.2 It has
been shown that each additional weight percent lithium added to aluminum will decrease the
density by 3 percent while increasing the elastic modulus by 6-8 percent .3-5

Lithium additions, as well as increasing the elastic modulus, also provide
considerable increases in strength due to the precipitation of a metastable &' phase. The &'
phase precipitates as an ordered Cu3Au (L17) type simple cubic crystal structure. A small
lattice misfit exists between the o and &' phases resulting in a small misfit strain, which
therefore results in precipitation of &' as spherical, coherent particles.

Low density, high modulus, high strength properties afforded by lithium additions
make Al-Li alloys desirable for use in structural apy.ications in the aerospace industry as
well as ammor applications for military vehicles, while providing substantial weight and cost
savings over conventional aluminum alloys.

The major obstacle in the commercialization of aluminum-lithium alloys is the low
ductlity and fracture toughness exhibited by the alloys. These detrimental properties have
been attributed mainly to the precipitation of the 8' phase. The primary mechanism for
increase in strength is order hardening, by which the ordered &' precipitates are sheared by
dislocations.!! The shearing results in slip localization and stress concentrations at grain
boundaries, consequently reducing fracture toughness.4-10 Several investigators have
attempted to alter the mechanism of dislocation shear with alloying additions designed to
coprecipitate with §'.6.7.12-16 The major alloying additions examined thus far have been
titanium, zirconium and hafnium.

In the present study, attempts are made to improve toughness and ductility of the
alloys with titanium additions. The major influences behind this work were recent studies
performed by Gayle!2 who investigated zirconium additions, and Levoy,!6 who
investigated both titanium and hafnium additions. Results of these studies indicated that
improvements can be realized due to the additional alloying elements.

Titanium was chosen as an alloying element for this work because titanium forms
the Al3Ti phase with the DOy crystal structure, and a lattice parameter similar to that of the




Al3Li phase. Ti additions result in the precipitation of a modified &' Al3(Li,Ti) phase,
designated o', with the L1 ordered structure.16 If the precipitation of this ' phase
results in improved behavior during detormation, then the fracture toughness of the alloys
can be increased while retaining the benefits of the lithium additions.

The primary goals of this research are to :

1. Determine the effects that composition and thermal treatments have on the
microstructure and precipitation behavior of the alloys.

2. To compare mechanical properties and behavior of the system in response
to the compositional and thermal variations.

Al-3Li, Al-3Li-0.2Ti and Al-3L1-0.8Ti (wt%) powder metallurgy alloys were
investigated. Microstructural analysis was performed through transmission electron
microscopy. Mechanical tests were performed to provide tensile and fracture toughness
data.




SURVEY OF CURRENT LITERATURE

History

The development of lithium-containing aluminum alloys has been continuing for
more than sixty years. The first aluminum-lithium alloys were developed as early as 1920,
with the introduction of Scleron, an Al-Zn-Cu-Li alloy developed in Germany for use as a
casting alloy and in wrought forms. The alloy did not exhibit superior properties over
- conventional alloys of the time and did not see much use. It was not until 1942, when
Lebaron of Alcoa applied for a patent on Al-Cu-Li-X alloys, that the system's potential for
high strength was realized. However, at that time alloy 7075 had been introduced and was
established as the dominant system for strength applications, and interest in the Al-Cu-Li
system again receded. In 1958, spurred by the publication of several papers on Al-Li
alloys,17-19 Alcoa developed the Al-Cu-Li-Mn-Cd alloy X-2020.20 This alloy exhibited
high tensile properties and elastic modulus, and the aerospace industry recognized the
potential of 2020. The U.S. Navy's A-5A and RA-5C Vigilante, built by Rockwell
International, was the only production application for ailoy 2020. The upper and lower
skins on the wings and the horizontal stabilizer were originally designed with 7075-T651
plate. These parts were changed to 2020-T651 in 1958 and have experienced a successful
service history. Alloy 2020 was evaluated for other applications, none of which were used
due to concern over fracture behavior of the alloy.20 Because of the general reluctance of
industry to get involved with Al-Li alloys, virtually all further development of the alloys
ceased after 1964.

It was not until 1968 that Fridlyander patented 01420, with composition Al-5Mg-
2Li-0.5Mn.21 Tt was only after the introduction of this alloy that a complete investigation
of the &' (Al3Li) phase, its precipitation characteristics, and deformation behavior was
initiated.22 Peel, et. al.. began an alloy development program in 197714 aimed at
producing a series of ne » ' -Li alloys which met specific requirements of use in aerospace
structures. Results of : - -esearch indicated that the reduction in density and increase in
stiffness achieved by Al-L' »* oys were sufficient to produce substantial weight savings
against conventiona. Al alluys. Pickens, et al.,23 have also recently investigated high
strength aluminum alloy development. High strength, high modulus, low density ingot
metallurgy (I/M) and powder metallurgy (P/M) Al-Li alloys were investigated as potential




replacements for conventional Al alloys such as 2014, 2024, and 7075. Al-Li alloys close
to commercialization are 2090,24 2091,26 8090 and 8091.25

Starke, et. al., 27 have also investigated the development of P/M and /M Al-Li
alloys with the discovery of significantly improved modulus-to-density and strength-to-
density ratios as compared to 7075-T76 without significant loss in other properties.

The development and evaluation of Al-Li-Cu-Mg, Al-Li-Mg and Al-Li-Cu alloys
has been carried out by Bohlen and Chanani of Northrop Corporation.!5 Powder and ingot
metallurgy techniques were used for production. Results of this work indicate that it is
possible to create Al-Li systems with 10% lower density and strengths equivalent to or
exceeding 7075-T73, again indicating potential use by the aircraft industry.

As the &' phase is further investigated, a better understanding of the mechanical and
metallurgical properties of these Al-Li alloys is achieved. This progressive understanding
of Al-Li alloy properties has led to constant improvement of the alloys, and most recently
producers are increasing production in anticipation of continued growth and use by
aerospace markets. These property improvements will make aluminum-lithium alloys
suitable for a wide variety of applications. Companies such as Boeing, Textron Inc's.
Aerostructures unit, Inco, and Pechiney are all developing Al-Li alloys for a variety of
aircraft applications at substantial weight and cost savings.28

The Al-Li Binary System

The addition of lithium to aluminum produces an age-hardenable alloy. The
precipitation sequence is known to be,29

Supersaturated solid solution ------~ > &' (Al3Li) ------ > 8 (ALLi)

This sequence occurs in alloys containing <14 at% Li. The Al-Li binary phase
diagram is illustrated in Figure 1.30 In Figure 1 it is clear that the maximum solubility of Li
in FCC aluminum at the 600 C eutectic temperature is 13.8 at%. The eutectic reaction at
600 Cis:

Liquid------- > o (Al) + & (AlL1)

with Li compositions, in atomic percent, being 26, 14, and 45, respectively.
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The & phase forms as a cubic B3 NaTl-type structure. The O phase melts
congruently at 700 C with a solubility range of 45-55 at% Li. The lattice parameter of
is 6.37 A.30

The phase diagram of Figure 1 includes metastable coherent solvus lines for a-Al
and o'. a'is the ordered L1 Al3Li phase more commonly designated &' by aluminum
metallurgists. This a-a' system has not yet been thoroughly defined. However, reliable
values for the thermodynamic &' solvus have been attained by small-angle X-ray scattering
and the entire coherent miscibility gap has been computed by Cocco, et. al.3!1 This work
complimented previous work performed by Noble and Thompson in 1971.29 The phase
diagram for the a-o' system as obtained by Cocco, et. al., is illustrated in Figure 2. This
diagram has been generally accepted, however, an alternate phase diagram has been

proposed by Gayle and VanderSande,12 and is shown in Figure 3. The rationale behind
the alternative diagram is based on the fact that the Al-->L17 transformation is first order

and thus, a two-phase field separating the o and o' phase fields must exist. Gayle's
construction has been accepted as plausible32 and still allows for either spinodal
decomposition or homogeneous nucleation to occur.

The &' Phase

As was shown in the phase diagram, a metastable miscibility gap exists between the
o-Al phase and the &' (Al3Li) phase. The &' phase precipitates as an ordered CuzAu

(L17) type simple cubic crystal structure. The L17 structure is derived from an ordering of
the face centered cubic cell (See Figure 4).33 The « and &' phases have a similar structure
and a small lattice misfit of &', which has been determined to be approximately -
0.08%.34.35 The precipitate-matrix interfacial energy was determined to be approximately
0.014 J/m2.36 The small lattice misfit results in a small misfit strain and therefore the &'
phase precipitates as a spherical coherent precipitate and remains as such over a wide range
of dimensions and lithium supersaturations.37

It has been disputed whether the &' phase forms upon quenching. Noble
and Thompson, and Fridlyander et. al.29.38 report no &' in the as-quenched condition,
while other investigators have observed §'335.39-41 Also, a question which remains
unresolved is whether or not &' forms by homogeneous nucleation and growth, or spinodal

decomposition.43
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Strengthening Behavior

As the &' phase forms, a significant increase in the alloy's strength is
achieved.6.12.16,44 The §' phase gives the Al-Li alloys their precipitation hardening
capability and assigns the alloys their principal microstructural characteristics.

Artificial aging at 190 C or some temperature within the -8’ system causes the &'
to coarsen homogeneously in the matrix according to standard Ostwald ripening
kinetics,12,16,42,43,45,47 with the relationship r = kt!/3. The &' phase also coarsens
heterogeneously at the grain boundaries or on dislocations.#3 During homogeneous
coarsening the &' generally maintains its spherical shape, however Mahalingam, et. al.45
report that as the amount of lithium increases, the &' particles diverge from the spherical
morphology, which is brought about by coalescence among adjacent particles. A
discontinuous precipitation reaction has also been observed at the grain boundaries.43.48 In
this case, the spherical precipitates are converted to lamellae. The &' lamellae maintain
coherency with the matrix. The driving force for the reaction is the reduction of the a/8'
surface energy. Whether or not the lamellae form depends greatly on several factors,
including the number of alternate heterogeneous nucleation sites and the state of anneal of
the material.43

The 8-8' Interaction

The cubic B3 NaTl-type structure & (AILi) phase has been observed in the matrix
and on grain boundaries after continued aging.49-50 It has been found that the § precipitate
nucleates and grows and is surrounded by a dislocation network caused by the large lattce
mismatch between & and the matrix. The d precipitates are also surrounded by a &'
precipitate free zone (PFZ). The more stable nature of d accounts for the preferential
dissolution of the nearby &'. The ' PFZ grows by a solute depletion mechanism and the
&' solute is consumed during the growth of § at the grain boundary. The PFZ growth is a
diffusion controlled process, with the activation energy of the PFZ growth calculated to be
144 kJ/mol.31 The growth of the PFZ has been fitted to a parabolic growth law. The
formation of the & PFZ along the grain boundaries results in an intergranular weakness
which can limit ductility and reduce age hardening properties after extended periods of
time.




Mechanical Properties And Deformation Behavior

As discussed above, Al-Li alloys have greater potential for aerospace applications
due to the alloys' high strength, high modulus and low density. What is obstructing rapid
integration of these alloys into current systems is the low ductility and low fracture
toughness values that the alloys exhibit . Before Al-Li alloys can be successfully utilized,
the causes of low ductility and fracture toughness must be recognized and rectified. There
has been much research and investigation into the problems and it is generally agreed upon
that the precipitation of the metastable &' phase has a direct influence on the less than
adequate mechanical properties.

As mentioned previously, the addition of each weight percent of Li to Al will
decrease the density by three percent, resulting in an 8-10% reduction in weight, while
increasing the elastic modulus by approximately 6-8%.3-3.42 The strength of Al-Li alloys
with less than 4 wt% lithium increases as the percent of lithium is increased, whereas at
greater than 4 wt% Li, the brittle 8 phase forms and lowers the tensile strength.3 The
strength of the alloys also increase in response to aging time until a peak age is reached,
however, a concurrent loss in ductility also occurs.13:42.52-56

Noble, et. al.3 determined the major strengthening mechanism to be order
hardening with additional minor contribution by modulus hardening. This was later
confirmed by DeHossen and Veld.57 In Al-Li alloys dislocations are present as
superdislocation pairs, which move along {111} planes in close-packed directions.38 The
dislocations pass through the matrix, with their movement depending upon the size and
volume fraction of the §' precipitates.’9 For particles less than approximately 20 nm, a
dislocation in the pair shears the particle creating a high energy anti-phase boundary (APB)
which blocks dislocation movement and increases strength. The second dislocation then
moves through, recreates order, and reduces the APB size and energy.5.9.10 This
dislocation motion encourages planar slip, i.e. strain localization. The extent of the strain
localization depends on the change in flow stress between one region and another, implying
that increasing the lithium content or aging to peak age will increase the yield stress and
therefore increase the degree of slip concentration.® The strain localization will lead to
cracking on the slip bands, or produce a dislocation pileup along the grain boundary, which
can result in intergranular fracture.6 A schematic of the shearing process is illustrated in
Figure 5. Upon aging, the &' precipitates coarsen, as detailed in the previous section. As
the &' increase in size to greater than approximately 20 nm, the dislocations passing
through bow out and become wavy. The dislocations eventually form Orowon loops®0




first dislocation

—,SS—S———— second dislocation

Figure5  Schematic representation of dislocations shearing
particles and creating a high energy anti-phase
boundary (shaded region).




around the &', which results in overaging and softening of the alloy. A schematic of the

looping process is indicated in Figure 6.
The Aluminum-Titanium Binary System

The principal use of titanium in aluminum alloys is to refine the grain size by
precipitation of the AI3Ti intermetallic. Much of the literature has been devoted to

investigating titanium's role as a grain refiner.61-67 More limited information is available
on the mechanical properties and deformation behavior of the Al-Ti system and Al3Ti.

The Al-Ti binary equilibrium phase diagram is illustrated in Figure 7.89 Of
particular interest are the temperature dependence of the solubility of titanium and the Al3Ti
peritectic reactions. The equilibrium solid solubility of Ti varies from 1.15 wt% at 665 C
to approximately 0.2 wt% at 500 C, indicating that it is greatly dependent on temperature.
At 665 C a peritectic reaction occurs in which the liquid contains 0.15 % Ti and the solid
solution contains 1.2 % Ti:

Liquid + Al3Ti -----> Oigg

The Al3Ti compound forms by peritectic reaction at 1340 C. Equilibrium Al3Ti has
a DO»» cubic tetragonal structure,68-70 as illustrated in Figure 8. The cell is composed of
two distorted L17 subcells stacked on top of one another along the [001] direction, with a
shift of 1/2<110> on the (001) plane at their interface.69

In an as-cast alloy, the Al3Ti phase precipitates in the form of dendrites surrounded
by a thin layer of a-Al.6!1 They have also been described as laths and irregular plates,68
petal-like,64.67 blocky, and flake-like.67

The AlI3Ti phase is slow to form.58 Possible explanations for this are the large
lattice misfit of A13Ti with the a-matrix and the absence of a coherent intermediate phase.b8
Another explanation is the low rate of diffusion of titanium in aluminum. Elemental
diffusion data and intermetallic properties of the Al-Li and Al-Ti systems are listed in
Table I.

Deformation Behavior In Al-Ti Alloys

Limited information is available on the mechanical properties and deformation
behavior of the Al-Ti system. A decrease in the yield stress as a function of temperature

20




(a

OO0 O ssdisocation
S © OS
O O O Q second dislocation

(b) \O/\O/@/ dislocation

Orowon Loop

Figure 6  Schematic representation of precipitate - dislocation
interactions. (a) Dislocations bowing around peak-aged
precipitates. (b) Orowon loops forming around over-aged
precipitates. (Shaded region is anti-phase boundary.)
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FIGURES8 DO., Cubic Tetragonal Structure.
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TABLE I RELEVANT PROPERTIES OF ELEMENTS AND INTERMETALLIC

PHASES IN Al-Li AND AI-Ti SYSTEMS

(references in parentheses)
PHASE LATTICE LATTICE INTERFACIAL MODULUS
[structure] PARAMETER  MISFIT ENERGY

(A) (A%) (erg/cm?) (A% /Wt %)

AlLi 4.047(35) -0.08(35) 25 (35) 7-9 (4,5)
(L1,]
ALTi a=3.851(90) -1.35(12) _ 3.7 (90)
(DO,,] c=8.608
ELEMENT D _(cm?/sec) Q(kJ/mole) D, (190 C) D, (500 C)
Li 4.5 138 1.2x 10% 2.1x10° 9D
Ti 5x 107 108 32x10°° 2.5 x 107 (9




has been observed by both Williams and Blackburn and Lipsett et. al.71.72 The drop has
been attributed to the onset of dislocation climb. However, Sastry et. al. have reported an

increase in the fracture tensile stress with temperature.? Frazier and Koczak74 determined
that fine Al3Ti particles precipitate during thermal exposure, increasing hardness.

The Al-Li-Ti Ternary System

The ternary AIl-Li-Ti system has yet to be studied extensively and limited
information is available on microstructural and mechanical properties. Because Al-Li alloys
have less than satisfactory ductility and fracture toughness due to the formation of strain
localization, it has been suggested that these alloys be modified by the addition of a
transition element such as Ti, Zr or Hf.7S The additions of such a transition element result
in an altered precipitation hardening behavior and consequent increase in toughness.

Levoy 6 confirmed that the addition of Ti to Al-Li alloys results in the precipitation
of a ternary Al3(Li,Ti) phase with the L1 ordered structure. The phase is denoted a’. o'
forms as coherent, spherical particles with large matrix coherency strain. Upon further
aging, o' acts as a heterogeneous nucleation site and 8' precipitates preferentially at the
o/matrix interface.

Sankaran et. al.”6 have observed a homogeneous deformation substructure in Al-
Li-Ti alloys in contrast to the intense planar slip observed in binary Al-Li. Sankaran et. al.
conclude that the dispersoid particles formed in the ternary alloy interact with the
dislocations which result in dislocation debris at the particles causing slip dispersion and
increased ductility.

Fracture Behavior
As mentioned, the deformation behavior of Al-Li is by formation of planar slip
bands and grain boundary failure. The fracture behavior has been found to vary with the

alloys' aging condition. Fracture in binary alloys tends to be intergranular due to
dislocation pileups at grain boundaries, and grain boundary denuded zones.27.77
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OUTLINE AND PLAN OF WORK

The objectives of the present research are twofold. The first objective is to
determine the effects compositional variations and thermo-mechanical treatments have on
the microstructure and precipitation behavior in alloys of the Al-Li-Ti system. The second
objective is to determine changes in mechanical behavior of the system in response to these
compositional and thermal variations. A general outline of the approach is illustrated in
Figure 9.

Alloys with the nominal compositions Al-3%Li, Al-3%Li-0.2%Ti and Al-3%Li-
0.8%Ti (wt%) were chosen for the study. A rapid solidification process of inert gas
atomization was performed to produce the alloys with the desired Li and Ti
supersaturations. Following the atomization, the alloys were consolidated by hot
compaction and extrusion. These processes were performed at temperatures low enough to
maintain the supersaturated solid solution.

Thermal treatments were performed and the general relationship between heat
treatment, precipitation behavior, and mechanical properties was investigated using
hardness versus aging curves, transmission electron microscopy (TEM), and tensile and
fracture toughness testing.

Microstructures of the alloys were characterized using the TEM techniques of bright
field and superlattice dark field imaging and selected area diffraction. Elongation to failure,
tensile and yield strengths, as well as fracture toughness were reported as a function of
thermal treatment.

Fracture surfaces of the test specimens were analyzed using scanning electron
microscopy (SEM) to determine the effects of composition and heat treatment on fracture
behavior.
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EXPERIMENTAL PROCEDURE

Material Production

Inert Gas Atomization

Inert gas atomization at a temperature above the liquidus of the high titanium alloy
was used to prepare the alloys. The alloys were inert gas atomized by Homogenous
Metals, Inc. (Herkimer, NY). Blow temperatures for the alloys were 1635 F for the binary
alloy, 1730 F for the low titanium alloy and 1660 F for the high titanium alloy. Each of the
alloys was produced from pure elements. Final compositions of the powders were
determined to be Al-2.83Li, Al-2.98Li-0.17Ti and AI-2.55Li-0.7Ti (wt%). The powder
was sieved and the -100 mesh powder was used for further processing.

Compaction

The powder of each alloy was compacted and extruded by Nuclear Metals, Inc.
(Concord, MA). The -100 mesh powders were compacted in a 6061-T6 can. Can weight
was 4.10 lbs. with a compact height of 10". Compact and can weight was 17.37 1bs. for
the binary and low titanium alloys and 16.75 Ibs. for the high titanium alloy. Evacuation
was performed at 350 C for a maximum of 4 hours with a cold vacuum of 0.1 im and a
seal vacuum of 0.01 pm. Compaction was performed under a force of 260 tons and a unit
pressure of 26.5 ksi.

Extrusion
In order to keep all of the titanium in solution for each of the alloys, the processing
temperature was maintained at 304 C, with the liner temperature and die temperature both at

350 C. The rods were extruded to a final shape of 1" x 1.5" x 6' at a 30:1 ratio and a ram
speed of 15 rpm.
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Thermal Treatments

The extruded bars were examined at various heat treatments as determined by
studying agiug behavior. Aging curves were determined by aging at 190 C in air and
monitoring responses with Rockwell B hardness measurements.

Solution heat treatment was carried out at 500 C for 24 hours. The extruded bars
were heat treated in an argon atmosphere and subsequently water quenched. Following
solution treatment, the alloys were aged at 190 C in air for periods of time varying from 1
10 24 hours.

Analysis

Transmission Electron Microscopy

Following thermal treatment, samples for TEM were prepared as 3 mm discs.
Initial rough grinding was done using 600 grit SiC paper. Final polishing was performed
using a twin-jet electropolisher with a solution of 30% nitric acid in methanol. Parameters
for polishing of T=-18 C, V=11 volts, I=30 mA, produced acceptable samples for TEM
observation. Microscopy was performed on a Phillips 400T TEM. Measurement of
percent area of phases was performed on a Buehler Omnimet I Image Analysis System.

Mechanical Testing

Tensile specimens were ASTM standard TR678 0.113" gage diameter round
threaded specimens.” ASTM standard TR1879 0.252" gage diameter crush ground button
head specimens were also tested. TR6 tension specimens were tested on a 20K Instron,
with a 1/2-10% extensometer. Testing was performed at room temperature with crosshead
speeds varying from 0.005-0.01 in/min and load range varying from 500-1000 l1bs.
depending on the specimen. TR18 tension specimens were tested on a SOK Instron with a
load range of 5000 lbs. The crosshead speed was 0.02 in/min.

Fracture toughness values were obtained using fracture toughness bend specimens.
Longitudinal test specimens were of width 0.5". Transverse test specimens had a width
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equal to 0.45". The notch was a simple notch with a fatigue crack of 0.05". Precracking
was done on a MTS servohydraulic machine. Three point point bend testing was
performed in the Physical Metallurgy testing machine at a head speed of 0.0125 inch/min.

Scanning Electron Microscopy
Fracture surfaces of the fracture toughness specimens were examined after testing.

Fractography was performed on an Amray 1645 SEM with an EDAX Energy Dispersive
X-Ray Spectrometer attachment.
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RESULTS

Aging Behavior Of Alloys

Age-hardening and precipitation behavior of Al-Li alloys have by studied by several
investigators. 1293548495388 The general aging process is determined to be due to the
precipitation of the &' phase as a coherent quasi-equilibrium phase of L17 structure.59 The
alloys were solution treated at SO0 C for 24 hours followed by subsequent aging at 190 C
for various times. Rockwell B hardness values of the Al-3Li, Al-3Li-0.2Ti, and Al-3Li-
0.8Ti alloys are plotted as a function of aging time in Figure 10.

The curves in Figure 10 indicate that the Al-Li binary alloy exhibits the fastest
response to aging when compared to the ternary alloys. The low Ti alloy responds more
slowly than the binary alloy, but more rapidly than the high Ti alloy. The high Ti alloy did
not respond as quickly, however, it did have greater hardness in the as-quenched condition
and achieved greater hardness values than the other two alloys at equivalent aging
conditions.

It is clear from the curves in Figure 10 that a maximum hardness is obtained in the
binary alloy after 5 hours at 190 C. Maximum hardness for both the high and low Ti alloys
was achieved after aging for six hours. In each case the alloy softens upon further aging.

It is from the study of aging behavior that parameters in Table II for under-aged,
peak-aged and over-aged conditions were decided upon for further characterization.

Microstructural Characterization:
Al-Li

The binary Al-Li alloy was examined in the experimentally determined solutionized,
under-aged, peak-aged and over-aged conditions (see Table II).

After a solution treatment of 500 C for 24 hours, the alloy exhibits a homogeneous
microstructure. Grains observed are relatively equiaxed, with grain size ranging from
4 um to 15 pm, the average grain size being 9 pm. The lithium remains in solution after
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Figure 10 Aging curves for the three alloys. Aged at 190 C.
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TABLEII TIME TO ACHIEVE EACH
AGING CONDITION

AGING CONDITION ALLOY TIME

Under-aged 1,3,6 1 HR.

Peak-aged 1 S HRS.
3 6 HRS.
6 6 HRS.

Over-aged 1,3,6 24 HRS.

( 1=Al-3Li, 3=Al-3Li-0.2Ti, 6=AI-3Li-0.8Ti)

33




heat treatment. A solid solution exists and no precipitation of the &' phase occurs (Figure
11).

Upon heat treating at 190 C for one hour, the 8" Al3Li phase begins to precipitate as
the L1 ordered superlattice phase. Formation of 3’ occurs by classical nucleation and
growth kinetics, although spinodal decomposition may also occur.l The &' phase is
nucleated as spherical coherent precipitates. The average size of the 8’ phase after aging for
one hour at 190 C is 10 nm (Figure 12). Grains in the under-aged binary alloy remain
relatively equiaxed, and have an average diameter of 7 um.

After aging the alloy for six hours at 190 C, peak age has been reached. As
illustrated in Figure 13 the &' precipitates coarsen upon aging. The &' images brightly in
the superlattice dark field condition. The &' phase has coarsened to an average diameter of
16.5 nm. The average grain size for the peak-aged binary alloy is 7 um.

Aging the binary alloy at 190 C for 24 hours results in an over-aged condition as
indicated by the drop in hardness in Figure 10. The majority of the §' phase remains
spherical and has coarsened to the average size of 33 nm (Figure 14). Figure 15 illustrates
the presence of dislocation pairs throughout the microstructure. When the &' phase is small
(< 20 nm), the first dislocation passing through apparently shears the &' phase.3? For the
peak-aged binary alloy, the 8' phase remains small enough such that the &' phase is sheared
by the dislocation (Figure 16), increasing the propensity for planar slip. As the particle
coarsens and grows to sizes larger than 20 nm, as seen in the over-aged alloy, the
dislocations become wavy and appear to bow around the &' phase, eventually forming
Orowan loops®0 around the &' phase (Figure 17), resulting in softening of the alloy.5 As
expected, upon aging for 24 hrs. a 8" Al3Li precipitate free zone develops at the grain
boundaries due to the lithium depletion mechanism. This is illustrated in Figure 18.

The average grain size as a function of thermal treatment is indicated in Table III. A
metallographic comparison of each microstructure is made in Figure 19. The variation of
d' diameter as a function of thermal treatment is indicated in Table IV. It can be seen that
the coarsening of the spherical & phase follows the classical t1/3 Ostwald ripening kinetics.
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Figure 11  Dislocations in solution treated binary alloy. Note lack of
evidence of & precipitation.
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Figure 12 Dislocation-3" interacidon in under-aged

binary alloy.




Figure 13 Superlattice dark field image of ' in
binary Al-Li.
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aged binary

Figure 14  Coarsened §' precipitates in over-

alloy.
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Figure 15 Superdisiocation pairs in peak-aged binary alloy.
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Figure 16  Apparent dislocation-particle interaction in under-aged
binary alloy. Note apparent shearing of particles.
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Figure 17  Over-aged binary alloy showing coarsened precipitates

and possible dislocation looping.
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Figure 18 & precipitate free zone in peak-aged Al-3Li.
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Figure 19 Optical metallography of (a) Al-3Li (b) Al-3Li-0.2Ti
(c) Al-3Li-0.8Ti (200x)

43




TABLE III AVERAGE GRAIN SIZE VS. AGING TIME FOR
BINARY Al-Li

AGING CONDITION AVERAGE GRAIN DIAMETER (um)
Solution-Treated 9
Under-aged » 1
Peak-aged 7
Over-aged 7
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TABLE 1V &' SIZE VS. AGING CONDITION
FOR BINARY AI-Li

AGING CONDITION o' DIAMETER (nm)

Solution-Treated —-

Under-aged 10
Peak-aged 16.5
Over-aged ' 33
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Al-Li-Ti Ternary Alloys

Al-3Li-0.8Ti

The Al-Li-0.8Ti alloy was solution treated at 500 C for 24 hours, followed by a
water quench. In the as-quenched condition, the &' phase precipitates as spherical coherent
precipitates 8.8 nm in diameter (See Figure 20). The grains in the solution treated alloy are
relatively equiaxed. After a solution treatment followed by water quench, the &' Al3(Li,Ti)
phase precipitates as spherical coherent precipitates 29 nm in diameter. Selected area
diffraction indicates that o' precipitates with the L17 structure.

Upon heat treating at 190 C for one hour, grains remain equiaxed with an average
diameter of 5.7 um. Precipitation of the &' phase becomes more copious and as expected
the &' coarsens to an average size of 12 nm as shown in Figure 21.

Alloys in the peak-aged condition show an expected response to aging at 190 C for
6 hrs. The &' coarsens to 17.4 nm. In addition to the homogeneous nucleation of the &' in
the matrix, the &' also forms heterogeneously at the o'/matrix interface. Figure 22 shows
the formation of a &' halo around the o’ Al3(Li,Ti) resulting in a composite precipitate with
average diameter of 30.6 nm. In addition to the o' formation as a composite precipitate
enveloped by &', the o' also precipitates spartanly as spherical coherent precipitates. These
precipitates exhibit strong matrix coherency strain contrast, which is illustrated in Figure
23.

Upon over-aging the high Ti alloy, &' coarsens to 32 nm, while the composite
precipitates achieve an average diameter of 71 nm (see Figure 24).

The dislocation behavior of the high dtanium alloy is illustrated in Figure 25. The
solution treated alloy exhibits a relatively high dislocation density. As aging progresses it
is clear that the dislocations are again superdisiocation pairs which exhibit two forms of
behavior. The shearing of the &' precipitates is observed, while dislocation bowing is also

apparently observed as the coarsening reaction proceeds.
Al-3Li-0.2Ti

The addition of titanium to the Al-Li-0.2Ti alloy also alters the precipitation
behavior and although o' precipitation is observed, it is not as copious as that observed in

46




Figure 20  Superlattice dark field image of & precipitation in the
as-quenched ternary alloy.
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Figure 21 & precipitation in under-aged ternary alloy.
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Figure 22  Peak-aged Al-3Li-.8Ti. Note coarsening of & plus
heterogeneous composite precipitation of & on
Qa'/matrix interface.

49




Figure 23 & coherent precipitates with matrix coherency
strain contrast.
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Figure 24  Coarsening of composite precipitates in over-aged alloy.
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Figure 25 Dislocation structures in ternary alloy. (a) High
dislocation density in as-quenched allov. (b) Dislocation-
particle interactions - note dislocation appears to be
bowing around particles.
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the high titanium alloy. Upon quenching, both the a' and the &' phases precipitate as
spherical coherent precipitates (Figure 26). The average &' size is 3.3 nm.

Upon aging, the precipitation sequence followed is much the same as that observed
in the high Ti alloy, with the major difference occurring in the size and frequency of the
composite precipiiation. The microstructures of the low titanium containing alloys in the
aged conditions can be seen in Figure 27.

In contrast to the 0.8% titanium alloy, a discontinuous coarsening reaction occurred
with the homogeneously nucleated &' precipitates. As can be seen in Figure 28 the
spherical &' phase is converted to lamellae. These lamellae, which retain coherency with
the matrix, grow against the grain boundary, pushing it and causing it to bow out.

As was the case with the binary alloy, but not witnessed to such an extent in the
high titanium alloy, a &' precipitate free zone develops in the 0.2% Ti ternary alloy (Figure
29).

A relatively high dislocation density is observed in the 0.2Ti alloy in the as-
quenched condition and superdislocation pairs are present in the aged specimens. Typical
dislocation behavior of the Al-3Li-0.2Ti alloys is illustrated in Figure 30.

The average grain size as a function of aging treatment is listed in Table V for each
of the ternary alloys. Table VI lists the &' size and composite size as a function of aging

treatment for the two ternary alloys.

Mechanical Properties

Each of the three alloys of the present study have been tested to measure tensile
strength, yield strength, elongation and fracture toughness for a variety of aging
conditions. It has been a goal of this research to improve the mechanical behavior and
properties of aluminum-lithium alloys, particularly ductility and fracture toughness, by
creating second phase particles to act as dispersoids of slip. This section reports the results
of the mechanical tests performed and attempts to make a comparison of values to assess
the relative properties associated with the different compositions and heat treatments.
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Figure 26 Precipitation in the as-quenched condition
in Al-3Li- 2Ti.
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Figure 27  Precipitation response to aging in the Al-3Li- 2Ti alloy.
(a) Homogeneous & matrix precipitation as well as
heterogeneous composite precipitation in the under-aged alloy.
(b) Coarsening of precipitates in the peak-aged alloy. (c)
Spherical coherent precipitation of o AI3(Li.Ti).
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Figure 28 Discontinuous grain boundary precipitation note
conversion of &' from sphere to lamellae and bowing of
grain boundary.
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-Figure 29  Development of §° precipitate free zone.
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Figure 30 Dislocation behavior in ternary alloy. Note both
apparent shearing and looping of precipitates .
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TABLEV  AVERAGE GRAIN SIZE VS. AGING TIME
FOR TERNARY AI-Li-Ti

Aging Condition Grain Size (um)
Al-Li-0.2Ti Al-Li-0.8Ti
As - Extruded 7.2 6.2
Under-aged 5.7 5.7
Peak-aged 7.7 8.3
Over-aged 5.9 6.5
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TABLE VI 8 AND COMPOSITE PRECIPITATE DIAMETERS VS
AG'ING CONDITION FOR TERNARY ALLOYS

églNND(%TION low Tia' (l?ir;lz Ti low T?' (mgl)l Ti lgxg %POE&Eﬁnm)
Solution-Treated 3.3 8.8 — 29 — —
Under-aged 9.5 12 30 44 — 25
Peak-aged 14 17 62 — 49 31
Over-aged 26 32 — — 53 71
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Tension Specimens

The tensile properties of the Al-3Li, Al-3Li-0.2Ti and Al-3Li-0.8Ti alloys are
reported in Table VII. Properties measured include yield strength at 0.2% offset, ultimate
tensile strength and elongation to failure. The results are tabulated with respect to aging
treatment as well as composition. Figure 31 illustrates the response of the ultimate tensile
strength to aging treatment. It is clear that tensile strength follows the trend of hardness
values. Strength values in each of the three alloys reach a maximum with peak age and
gradually drop in the over-aged regime. There does not appear to be any significant
response of elongation to failure with aging time.

With respect to effects of composition on mechanical properties, a comparison of
tensile values for each composition in the peak-aged condition is made. Figure 32 details
this comparison. It is quite clear from Figure 32 that the addition of Ti to the binary P/M
alloy has a significant effect on the ultimate tensile strength of each alloy. The strength
increases appreciably as more Ti is added. Values obtained for elongation to failure
indicate that the binary alloy exhibits better ductility than the Ti containing ternaries in the
peak-aged condition (Figure 33). In the other aging conditions the ductility of the alloys is
comparable. It is significant that in each case values of elongation to failure are comparable
to target values established for conventional Al-Li alloys such as 2090.23

Fracture Toughness Bend Specimens

The values of KQ (ksiVin) are listed in Tables VIII and IX. Tests were performed

in both the L-T and the L-S directions (See Figure 34). Results are reported as the average
value obtained from three specimens. Data that is not reported indicates that either the

specimen broke while setting up, or cracked horizontally.
The values for KQ are valid Kjc values if certain geometrical and testing

parameters are met. Tables VIII and IX indicate whether these values may be reported as
Kic.

Fracture Surfaces
Fracture surfaces of each of the bend specimens in the solution treated and peak-

aged conditions are shown in Figures 35 and 36. In the solution treated alloys, fracture is
mixed. A combination of tearing and intergranular fracture is observed in the three alloys.
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TABLE VII AVERAGE TENSILE PROPERTIES
SPECIMEN 2% YIELD ULTIMATE TENSILE ELONGATION
STRENGTH (ksi) STRENGTH (ksi) TO FAILURE %
1S 23,400 26,000 15
1U 41,380 53,605 6
1P (Al-3Li) 51,800 63,653 13
10 50,750 62,275 5
3S 22,600 40,500 15
3U 46,705 59,285 8
3P (AI-3Li-0.2Ti) 52,004 62,152 6
30 51.635 60,655 8
6S 30,346 43,617 14
6U _ 57,615 62,272 2
6P (Al-3Li-0.8Ti) 61,792 67,944 6
60 58,660 6€ 338 4
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TABLE VI FRACTURE TOUGHNESS OF SPECIMENS IN
THE L-T DIRECTION

SPECIMEN K, VALIDK_?
1S 13.8 N
1U 19.4 Y
1P (Al-3Li) 20.3 Y
10 17.3 Y
38 12.4 N
3U 15 N
3P  (Al-3Li-0.2Ti) 17.7 Y
30 17.6 Y
6S 13.5 N
6U 14.8 Y
6P  (Al-3Li-0.8Ti) 12.5 N
60 —
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TABLEIX FRACTURE TOUGHNESS OF SPECIMENS IN
THE L-S DIRECTION

SPECIMEN K, VALIDK ?
1S 15.2 N
1U —_—

IP  (Al-3Li) 19.8 N
10 —_—

38 13.2 N
3U 20 N
3P  (Al-3Li-0.2Ti) 25 Y
30 18.8 Y
6S 17.5 N
6U 14.1 Y
6P (Al-3Li-0.8T1) 15.5 N
60 —




Figure 34  Crack plane orientation code for extruded bar.”8
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Figure 35  Fracture surfaces of solution treated L-T bend specimens.
(a) Al-3Li (b) Al-3Li-2Ti (c) Al-3Li-.8Ti.
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Fine shear lips and microdimpling are observed at grain boundaries. In the peak-aged
condition, the fracture surfaces exhibit a variation for each composition. The binary alloy
exhibits brittle cleavage fracture. The titanium alloys contain cleavage facets and dimples,
indicating a more ductile fracture.87
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DISCUSSION

The Binary Al-Li Alloy

The precipitation behavior in the binary Al-3Li alloy is consistent with behavior
reported in studies of P/M Al-Li alloys with respect to §' precipitation, aging behavior and
coarsening.

The as-extruded binary alloy shows a homogeneous structure with no evidence of
precipitation of a secondary phase. The powder metallurgical approach to the production of -
the binary alloy allows the incorporation of lithium contents in excess of the 2.7 wt%
currently considered practical. It is therefore reasonable to assume that the Li stayed in
solution throughout the vacuum-hot-compaction process and extrusion.

Precipitation During Solution Treatment

During the 500 C solution treatment the &' remains in solid solution because the
driving force for &' to precipitate at this temperature is very low. The dislocation density in
the solution treated alloys appears to be high. A probable explanation for this high
dislocation density is that TEM specimen preparation processes introduce dislocations, as
the foils are mechanically ground to a thickness of approximately 10 um before they are
subjected to an electropolish. It is probable that all the affected material is not removed in
the final polish.

Aging And Dislocation Behavior Of Binarv Alloys

Upon aging at 190 C, the driving force is sufficient to result in &' precipitation.
The & precipitates homogeneously in the matrix as spherical coherent precipitates with the
L1y superlattice structure. Upon further aging the &' phase coarsens according to the
r = kt1/3 Wagner-Lifshitz equation. The precipitation of the equilibrium § (AILi) phase at
the grain boundaries results in the formation of a §' PFZ. Because diffusion at the grain
boundary is much higher than marrix diffusion, the & phase grows at the expense of the
metastable &' phase and the PFZ develops.
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It was not the intent of this thesis to fully characterize the dislocation-particle
behavior of the systems, but to make observations on possible changes in behavior in
response to experimental variations. Therefore the following observations made are of
apparent dislocation-particle interactions. More extensive microscopy would have to be
performed in order to be more quantitative. Dislocations observed to act as
superdislocation pairs appear to follow classical behavior as proposed by Orowon.60
Precipitate-dislocation interactions with and without particle shear were observed. In the
initial stages of aging, small precipitates are coherent with the matrix and are therefore
sheared by dislocations, with the shear stress being equivalent to:

- Iy

Ysh = 2xb ,

where vy = Specific interface energy
ro = Particle size
x = Particle spacing
b = Burger's vector

The stress 1recessary to cause dislocations to bow, and eventually form loops around
particles is given as the Orowon stress:

Tor =

Gb
X
When tgh >1 or , the particles are looped, and conversely if Tgy < Tor , the particles are

cut. As the particles increase in size, the dislocation-particle interaction apparently
transform.s from dislocations cutting through particles to dislocations circling around the
particles.83
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The Ternary Alloys

Al-3Li-0.2Ti / Al-3Li-0.8Ti
As-Extruded

In the microstructures observed of the as-extruded ternary alloys, there is little
evidence of precipitation of a secondary phase. The process of rapid solidification is
proven to be a processing technique which will increase the solid solubility of titanium in
aluminum.B70648 Equilibrium values of 0.24% Ti at 510 C have been increased to as
high as 2.0% for a splat cooled alloy.85 It is reasonable to assume, therefore, that in the
presently studied Al-Li-0.2Ti and Al-Li-0.8Ti alloys produced by rapid solidification, all
the titanium remained in solid solution during the extrusion process. It is observed that this
was in fact the case, and little precipitation occurred throughout the vacuum-hot-compaction

process.
Precipitation During Solution Treatment

As reported, it was observed that both the &' and the o' phases precipitated
following solution treatment at S00 C for 24 hours. The precipitation of uie & phase could
not be suppressed by the rapid quenching, a phenomena which in this case can be
explamned by the low activation energy of the &' formation (0.7 eV).86 The o' phase
precipitated upon solution treatment in both the high and low titanium containing alloys,
although more copiously in the high-Ti alloy. The twenty-four hour solution treatment
parameter was previously documented as one 1in which sufficient precipitation of o' would

occur in the form of spherical coherent precipitates. 16
o' Phase Analysis

In order to thoroughly understand the precipitation behavior it is first necessary to
determine the structure and composition of the o' precipitate. The Al-Li-Ti system can be
closely compared to the Al-Ti binary system. In the binary system, the precipitating phase
is Al3Ti with the DO27 body-centered tewragonal structure.57-69 The o' phase which
precipitates in the temary alloy is similar but not identical to the Al3Ti phase.




Evidence supports the fact that the o' phase differs from the Al3Ti phasc in that it
precipitates as Al3(Li,Ti). The low imaging intensity of the "core” o' phase in the
superlattice dark field imaging mode indicates that lithium is mixed on the titanium
sublattice, causing a decreased structure factor and therefore the lower imaging intensity. It
has been observed in this study that the a' phase precipitates with a spherical shape, it is
completely coherent with the aluminum matrix, a coherent strain field forms around the o',
and &' forms a continuous envelope around the o' phase. This combined evidence along
with the observation that o' precipitates as the L17 structure indicate that &' is A13(Li,Ti).
If o’ formed as Al3Ti with the DO77 body-centered tetragonal structure it would be highly

improbable that the precipitating phase, with its high lattice misfit with the aluminum
matrix, would form as coherent precipitates with symmetric matrix strain fields. In
addition, the assumption that o’ is a lithium-modified Al3Ti phase with a distorted lattice
also is improbable because, again, distortioa would prevent the formation of spherical
precipitates. In all probability the o' phase with the L1 superlattice structure precipitates
as Al3(Li,Ti).

It is now necessary to determine approximate values for x in the Al3(Liy,Ti.x)
precipitate. Traditional methods of compositional analysis are not sufficient to provide
quantitative data on the identification of the phase, essentially because the presence of
lithium can not be detected by energy dispersive x-ray spectroscopy.

An excellent approximation for the composition of the a' Al3(LixTij.x) phase can
be made using a superlattice dark field imaging calculation developed by Gayle!2 and later

used by Levoy16in her study of Al-Li-Ti and Al-Li-Hf alloys. The basic premise behind
the technique is that structure factors of the superlattice reflection of the L15 ordered

Al3(Li,Ti) phase are a strong f. nction of the Li:Ti ratio. The structure factor for the
superlattice reflection can be calculated and compared for various Li:Ti ratios and
subsequent supe..attice dark field image intensities may be obtained.

Using the fact that the &' forms as a smooth continuous envelope on the a' core, it
is possible to compose an image of a spherical composite precipitate. Levoy'sl6 altered
version of a computer program written by Gayle!2 makes use of inputted variables of g
reflections, core composition (x in Al3(Lik,Tij-x)) and the ratio R of core diameter to
precipitate diameter, to produce images of composite precipitates which can then be
compared to actual images with identical parameters. A value of x may then be obtained.

Using tabulated values for scattering factors and the computer program listed in

Appendix A, obtained from Gayle,!2 an approximate value of 0.4-0.6 for x has been
determined, indicating a range of o' composition from Al3(Li 4,Ti ) to Al3(Li ¢,Ti 4).
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Aging Behavior Of Temary Alloys

During aging at 190 C both the &' and a' which were present in the as-quenched
alloy coarsen. As was shown in Table I the diffusion of Ti in the aluminum matrix is much
slower than that of Li, indicating that titanium diffusion is the rate limiting step. Itis clear
from the many figures that the &' phase preferentially forms at the o'/matrix interface,
resulting in a "composite” precipitate (Figure 24). At the solution treatment temperature of
500 C, there is a large driving force for titanium to precipitate, whereas the majority of
lithium remains below its solubility limit. Upon aging at 190 C, both elements exceed their
solubility limit and consequently precipitate. As mentioned previously, however, the
diffusivity of lithium i§ so much higher than that of titanium that effectively, only the
lithium phase precipitates and "envelopes” the titanium-rich phase which precipitated at
500 C.

The configuration of the & precipitates forming envelopes on o' is similar to results
obtained for the Al-Li-Hf and Al-Li-Zr systems.12,16 Both the Al3(LixTij.x) and Al3Li
phases are of the L1, ordered structure. &' therefore grows as a continuum of ihe o' phase
with §'-a' composition differences.

As was seen in Figure 29, a 8 PFZ develops along the grain boundary. The PFZ
grows by a solute depletion mechanism in which solute is consumed during growth of the
8 (AlLi) particle along the grain boundary.5!

Mechanical Properties
Strengthening Behavior

It is obvious from Figure 32 that the tensile properties of the alloys studied clearly
improve as titanium is added to the system. Both the ultimate tensile strength and the yield
strength increase as 0.2% Ti is added and increase still further upon addition of 0.6
additional weight percent Ti.

A 7% - 68% strength increase over the hinary alloys was observed in the ternary
alloys. Several explanations for this behavior are possible. As titanium is added to the
alloys a subsequent decrease in grain size is observed. This grain size effect, although
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minimal in this case, can be directly related to increased strength through the Li equation,83
which is an adaptation of the Hall-Petch equation83:

By = 8¢ + kd-i/2
where Oy = Yield stress
Co = Frictional stress
k = Constant
d =Grain size
which operates under the premise that grain boundaries are a source of dislocations, and the
yield stress of the alloy increases with decreasing grain size.

The dominant mechanism for increasing strength with titanium addition is
precipitation hardening with dislocation-particle interactions. Dislocations taking part in the
deformation are confined to one set of slip planes, and these dislocations appear to expand
between the particles by means of Orowon bowing. The larger and more numerous
unshearable inclusions in the high-titanium alloy act as pegs that impede slip. Dislocation
loops form, exert long range stresses, and increase strain hardening rates.

The o' core of the composite precipitate acts as a nondeformable particle and
dislocations accumnulate. The stress related to this can be approximated as

T=1,+ CGb/p
where p is related to the spacing between inclusions by the relation:

P= Db
where Y= Srain

D = Partcle spacing

Therefore, as the spacing between inclusions decreases, the flow stress increases.

The strengthening afforded by the second phase precipitation is made apparent by
the differences in strength among the solution treai=d alloys. Precipitation was observed in
the two ternary solution treated alloys but not in the binary alloy. Counsequently, the
ternary solution treated alloys have over 60% higher tensile strength than the binary alloy
with the same heat treatment.
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Fracture Behavior / Scanning Electron Microscopy

Solution Treated Alloys

The fracture surfaces of the Al-3Li, Al-3Li-0.2Ti and Al-3Li-0.8Ti alloys indicate
that the binary alloy undergoes a more brittle fracture than the ternaries. However the
fracture toughness of the ternary alloys in certain aging condidons, as reporied in Table
V1, were found to be lower than those of the binary alloy. From Figures 35 & 36 it can
be seen that cleavage is the primary mode of fracture. The titanium containing alloys
exhibit a combination of cleavage and tearing which indicate dimpled, ductle fracture of a
softer phase in combination with a more brittle fracture of a second phase.87 The binary
alloy exhibits an intergranular fracture with shear lips and microdimpling along grain
boundaries.

Peak-Aged Alloys

The fracture surfaces in each of the peak-aged alloys exhibit some degree of britte
fracture. The binary alloy fractures by cleavage. The titanium alloys have distinct fracture
surfaces which exhibit combinations of cleavage and ductile fracture. The low titanium
alloy appeared to have a more uniform fracture surface whereas the high ttanium alloy
showed definite distinct brittle and ductile regions. The high titanium alloy did not have the
higher fracture toughness value that is suggested by their apparently more ductile
appearance.

As is shown in Table VII, the combinatdon of sgength and elongaton values of the
ttaniumn alloys are sufficienty high to indicate an expected improvement in the toughness
of the termary alloys over that of the binary alloy. There are several possible erplanations
as to why these improvements in fracture toughness were not realized. It has been
suggested that the high titanium alloy has the fracture appearance of a composite alloy.38
This indicates that perhaps the nondeformable second phase o' acts as a brittle composite
phase. The composite precipitates occur in such a high volume fraction (Table X) in the
0.8% Ti alloy that this phase acts as a site for fracture, which would account for the lower
than expected fracture toughness. In the 0.2 % titanium alloy the volume fracdon of ' is
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TABLE X PERCENT AREA OF SHEARABLE Li AND
NON-SHEARABLE a ' PHASES FOR TERNARY

ALLOYS
ALLOY . % Li % o'
Al-3Li-0.2Ti 55.4 36.2
Al-3Li-0.8Ti 13.5 393
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not as high and therefore sites of fracture of the nondeformable particles are not as
plendful. The alloy subsequently exhibits a more uniform surface and a better toughness.

The ternary alloy also contained some foreign powder particles (as analyzed by
EDS), of argon and boron. These were most likely introduced during processing. These
impurities can act as sites for crack initiation and decrease the toughness. Oxide particles
and incompletely compacted powders can also reduce the toughness. Varying processing
parameters and conditions would ensure a more uniform, compacted product and give a
more accurate representation of the fracture toughness of the alloy.
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SUMMARY AND CONCLUSIONS

The purpose of this research was to determine how compositional variations and
thermal treatments would affect microstructure and precipitation behavior of Al-Li-Ti alloys
and also to determine how these variables affect the mechanical properties of the alloys.
Titanium was chosen as the variable alloying element with the expectation that titanium and
lithium would react to form a composite phase which would act to disperse slip and
consequently increase ductlity and fracture toughness of the alloys.

The precipitation behavior of the alloys is significantly altered by the addition of
titanium:

1. In the binary Al-3Li alloy, &' precipitation takes place after solution treatment
and subsequent aging. &' coarsens with t 1/3 kinetics and a &' precipitate free zone forms

after aging for five hours at 190 C.

2. Both the low and high titanium alloys exhibit similar precipitation sequences and
behavior, the major difference being the volume fraction of precipitates for each alloy
(Table 11).

a. &' (Al3Li) precipitates upon quenching in the ternary alloys.

b. a precipitates as a coherent phase with high matrix coherency strain.
The composition of this phase has been determined 10 be Al3(Li gTi 4) by superlattice dark

field image calculaton.

¢. Upon subsequent aging a composite phase, consisting of an &' core
surrounded by &' is formed due to the relatively rz;id diffusion of lithium as compared to
titanium. The composite coarsens to the size of 70 nm., which is sufficiently large to cause
apparent dislocation-particle interactions to shift from dislocation shear to dislocation

looping.
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The mechanical properties are also dependent on the composition and thermal

treatments of the alloys:

3. The strength of the alloys increases by as much as 60% from the binary to
ternary alloy upon aging. It was observed, as mentioned above, that the major difference
between the low and high titanium alloys was the fraction of precipitates. It is clear that
this variable has a major influence on the mechanical properties of the alloys. The ternary
alloys exhibit a higher strength than the binary. In addition, the high titanium alloy is
stronger than the low titanium alloy due to the additional precipitation in the high titanium

alloy.

4. The ductility of the alloys shows a significant response to aging. After a pea. -
aging treatment, the binary alloy exhibits a better elongation to failure than the ternaries,
although the ternary alloys still show a relatively high value. Upon further aging, the
ductility of the low titanium alloy increases dramatically over the other two alloys. These
results may be correlated with those obtained for fracture toughness of the alloys to
conclude that the low titanium alloy has better strength/ductility combinations than the other

alloys.

5. In correlating mechanical property data with fracture surfaces obtained for the
bend specimens, one can conclude that the precipitation sequence of the ternary alloys
does, in fact, act to impede dislocation motion, disperse slip and subsequently increase
ductility. However, the non-deformable o' behave much like a brittle composite phase
would and act as initiation sites for fracture. In the Al-3Li-0.8Ti alloy the volume fraction
of ' is high enough to cause a dramatic decrease in the fracture toughness of the alloy.

By combining conclusions made for microstructural analysis and precipitation
behavior with those made regarding mechanical properties, the following recommendations
may be proposed:

1. The addition of titanium to an Al-Li alloy will result in beneficial properties only
if certain parameters are met. Titanium additions of 0.8% result in much improved
strength, but too large a volume fraction of non-deformable precipitates and consequently a
more brittle alloy. Titanium additions of 0.2% result in improvements in fracture
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toughness without significant strength improvements. It is therefore recommended that
0.4-0.5 wt% titanium be added. This amount should act to disperse slip and increase
strength without precipitating to such an extent as to lower the toughness.

2. Alloys should be used in the peak-aged to slightly over-aged condition to
achieve optimum combinations of results.
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SUGGESTIONS FOR FUTURE RESEARCH

As has been previously established, the main driving force behind this research was
to develop an Al-Li alloy which shows improvements in both fracture toughness and
ductility. The approach taken in this work and those performed previously,12.16 was to
alter the precipitation behavior of the alloy in such a way as to form a slip dispersing phase
which would improve mechanical prcperties.

Titanium has proven to show potential as the alloying element which will result in
slip dispersion and subsequently increase toughness and ductility. Additional research
must be performed to determine if, in fact, titanium will respond as favorably as is
indicated by the present research. The major parameters which should be altered are the
amounts of titanium and lithium in the alloy. Varying both the percentage lithium and that
of titanium will result in drastic alterations of both the morphology and volume fraction of
precipitates and should have a significant effect on toughness.

Dislocation-particle interaction plays a major role in the strengthening behavior of
the alloy and should be studied much more extensively such that a more quantitative
characterization of the interactions can be obtained.

Overall, an optimization study between percent lithium, percent titanium and
operative aging condition should be carried out to obtain the best combination of toughness
and strength and subsequently the successful integration of an Al-L:-Ti alloy into current
systems.
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APPENDIX A COMPUTER PROGRAM FOR COMPOSITE IMAGE CALCULATICH

100 REM DMACE CALCULATIONS- COMPOSITE PPT.

1000 OPEN “0", #1, "A:COMIMB"

1100 PRINT#1, ".IH 4"

1120 PRINT#1, ".CP"

1140 PRINT#1, “.PO O"

1210 CONTRAST = 13  "TOP (CONTRAST - 11) GRAY LEVFLS ARE WHITE
1300 REM  ESTABLISH GRAY SCALE

1320 DIM GSS(15)

1%0 FR @ =0T015

135 READ GSS(QN)

1350 NEXT QN

1379  DATAA, B, C, D, E, F, G, H, I, J, K, L, M, X, O, P

1500 REM ** FIGURE STRUCTURE FACTORS FOR DELTA PRIME AND AL3TI *#
1520 DM F(1,20)

1540 FRNCTO1

1560 FORI=1T0 20

1570 READ F(N,I)

1530  MNEXT I:NEXT N

1590 REM STRUCTURE FACTOORS FOR THE BINARY PHASES - FIRST AL3TT, THEN AL3LI
1592 REM FOR REFLECTIONS N=2 = 1,2,3,4,..... FOR SUPERLATTICE
1534 REM REFLECTIONS. (INDICATED AS O IF FUNDAMEITAL)

1595 DATA 1.76,0,0,0,0,0,0,0,0,0

15% DAIA 0,0,0,0,0,0,0,0,0,0

1597 DATA -2.72,0,0,0,0,0,0,0,0,0

1593 DATA 0,0,0,0,0,0,0,0,0,0

2000 REM ** ASCERTAIN NO. OF IMAGES AND CALCULATE **

2020 READ NUMIM "NUMBER OF IMAGES

2100 REM ** CALCULATE IMAGE **

2120 DM L$(40)

2200 FOR TTER = 1 TO NUMIM

2220 READ RATIO 'FRACTION OF TOTAL RADIUS DOUBLF PRI

2245 RE=100C: RC = 1000RATIO 'RADIUS TOTAL, RADIUS CORE FOR DM CALC
22065 READ COMP "X IN AL3(LIx,Til~x) core

2240 READ REFL 'IMAGING RFFLFCTION

2300 READ R "TRUE TOTAL PPT RADIUS FOR TOTAL IM INTESITY

257 PRINT+1, "COMPOSITE PRECIPITATE"
251 PRINT #1,
2520 PRINT#1, " OORE IS DELTA' ', AL3(Lix,Til-»), WHERE xIS ".OQMP

2525 PRINT#1,

2540 PRINT#1," QORE RADILS = " ,R*RATIO; "N’
2545 PRINT#1,

2546 PRINT#1,” TOTAL PARTICLE RADIUS = ":R;“NM"

2547 PRINT#1,

255¢ PRINT#1, “IMAGING SUPERLATTICE REFLECTION IS";REFL

2555 PRINT#1,

256U PRINT#1, "(CONTRAST LEVEL 1S";COKTRAST:", 12 IS QF LEVEL OF WHITE)"
2565 PRINT#1,

257" PRINT#1, "@"

2575 REM  IN ABOVE THE “C" WILL BE CHANGED TO A "CONTROL Y*, WHICH

2576 REM 1S USED TO GO INTO GRAYSCALE MODE.




2600
2610
2620
20630
2640
2650)
2300
2820
2840
2800

70
2550
2390
2900
2920

iv
3015
3020
3040
3050
3000
3080
3100
3120
3140
3160
3150
5000

020
5030
5000
S5
5524
5540
600G
A
A
6%
6110
5120
nla
2
TOX
79U
7350
7907
7974,
s
bl
ATV

A=REFL HL

B = INT(REFL/10) "HK

C = INT(REFL/100) 'H

N = ((A/10-B)*10)c2+((B/10-C)*10):2+C:2 THO 24K 24l 2=
FP= F(1,N) 'STRUCTURE FACTOR DELTA PRDE

FIP = F(0,N)*(1-0MP) + F(1,N)*COMP 'F ALIHA PRDME

REM FIGURE SCALING INTENSITTY IMAX
™MAX =0 :Y=0
FOR ¥X=0 TO 1070 STEP 5
IF Xc2 =RCc2 THEN ZCT = O ELSE ZCT = (RC:2-X-2)c(.5)
IF Xe2 =REc2 THEN ZET = O ELSE ZET = (REc2-Xc2)c(.5)
TOP = 2%ZCT: TP = 2*(7Z¥T-2CT)
1 = (TP*FP+TDP*FDP).2
IF ABS(I) “ ABS (IMAX) THEN DMAY = 1
NEXT X
REM  CALCULATE IMAGE
FOR Y = 0 TO 106 STXP 27
L= Y/27
Ls(Ly = "
FOR X = -1080 TO 107C STFP 27
XYS = X2 + Y2
IF XYS =REc2 THEN I=0:GOTO 5000
ZET = (REz22-XYS)<c(.5)
IF XYS =RCc2 THE! I = (2*ZET*FP)c2: GOTO 5000
2LT = (RCc2-XYS)<(.5)
TDP = 2*ZCT ' THICKNESS ALPHA PRDME
TP = z={TT-2CT) 'THIQGESS DELTA PRDL
I = (TP*FP+TDP*FDP)c2  'INTENSITY FOR S=%
@ = CINT(ABS((T1/IMAX)*CONTRAST))
LS(L)=LS{L) + GSS(Q.)
NEXT X
NET Y
FOR L = =40 TO 4%

PRINT#1, LS(ABS(L)>
NEXT L
PRINT*1,
PRINT#1,"C" 'REPLACE G WITH cY B4 WS FRINTLY
PRINT#1, "IMAX = ";IMaX
PRINT#],
PRINT=1, "IMAX * R.2 ="; IMAX*Rc2
PRINT#1, ".PA"
PRL.T TTER: "IMAGFS DONE AND SENT HOME-OILY " NOMDM-ITFX "LFFTT

NEXT ITH:

BD

REM

REM THE FOLLOOWING ARE INPUIT DATA

REM R-VALLL, "X" (COMPOSTTIQN OF CORF.), RFFLECTION
REM RADIUS OF TOTAL COMPOSITE PPT IN 1M

DATA 1

DATA .440, 2,100, 71

DATA 1},0,C,0,0,0,0,0.0,0,0,0
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