Chapter 3
Aluminium-Lithium Alloys

N. Eswara Prasad, Amol A. Gokhale and R.J.H. Wanhill

Abstract This chapter summarises the development and limitations of the first and
second generation Al-Li alloys, and then discusses the recent developments leading
to the third generation alloys. Emphasis is placed on the physical metallurgy of Al-
Li alloys, progressive development of the three generations of these alloys, and
finally the strategies for obtaining improved property combinations via various
microstructural modifications closely linked to multistage processing. The way
forward for Indian development of Al-Li alloys is also briefly discussed.
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3.1 History of Alloy Development

Interest in aluminium-lithium (Al-Li) alloys arises from the important considera-
tion that as the lightest metal, lithium additions to Al reduce its density (~3 %
decrease per every wt%) and increase the elastic modulus (~6 % increase per
every wt%). The increases in specific strength (strength/density) and specific stiff-
ness (E/density) combine with good fatigue and cryogenic properties to offer
possibilities for the use of Al-Li alloys in aerospace structural applications,
including fuel tanks in launch vehicles, like the external tank of the US Space
Shuttle [1-3].
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Developmental activities started from the 1920s, but the first commercial alloy
AA2020 (Al-1.1Li—4.5Cu—0.5Mn-0.2Cd) was introduced only in 1958. This alloy
was successfully used for the wing skins and tails of the Northrop RA-5C Vigilante
aircraft, but concerns about its fracture toughness led to its withdrawal in the 1960s.
In the same time period, research work in the former Soviet Union led to the
development of VAD-23 with the nominal composition Al-1.1Li-5.3Cu—0.6Mn—
0.17Cd and 1420 (Al-2.0Li-5.3 Mg—0.5Mn). All three alloys are customarily
referred to as first generation alloys.

In the 1970s the potential threat of replacement of aluminium alloys by carbon
fibre composites resulted in extensive research work on a new, second generation of
Al-Li alloys. Development of these alloys has been largely unsuccessful owing to
unacceptable degrees of property anisotropy, low short transverse properties and
thermal instability. Work began in the late 1980s and early 1990s on a third gen-
eration of Al-Li alloys, and developments are ongoing. These newer alloys are
candidates for widespread replacement of conventional aluminium alloys in aero-
space structures. Table 3.1 lists typical compositions of some Al-Li alloys from all
three generations [1].

3.2 Aircraft Structural Property Requirements

Figure 3.1 illustrates the engineering property requirements for several of the main
structural areas in a transport aircraft, namely (i) Fuselage and Pressure Cabins,
(i) Wings and (iii) Empennage. The engineering properties required for these
aircraft structures are strength (TS, CYS), stiffness (E), damage tolerance (DT:
fatigue, fatigue crack growth, fracture toughness), and corrosion (general and stress
corrosion). Also very important is the material density (p), reflected in weight
savings per se and the specific strength and stiffness.

Figure 3.2 summarises calculations of aircraft structural weight savings due to
property improvements [2], showing that a lower density is the most effective way
of reducing the overall weight of an aircraft structure. Next are enhancements in
strength and stiffness, which combine with reduced density to give improvements in
specific strength and stiffness. Finally, improvements in damage tolerance
(DT) properties have the least potential for saving weight, though even small
amounts of weight savings can be important.

Additions of lithium to aluminium alloys decrease the density and increase the
stiffness, thereby having a synergistic effect on the specific stiffness (E/p). Thus Al—
Li alloy development may already be successful from an engineering property
viewpoint—certainly with respect to equivalent conventional alloy products—if
other properties are simply maintained. This is attractive to commercial alloy
producers, since there is the possibility of obtaining families of Al-Li alloys to
replace conventional alloys for a variety of applications.
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fuselagelpressure cabin
lower skin (compression). CYS, E, corrosion
upper skin (tension). DT, TS
stringersfframes: CYS,E, DT, TS

horizontal stabilizer
lower (compression). CYS,E, DT
upper (tension). DT, TS

seat/cargo tracks TS, corrosion
floor beams: E,TS

upper wing (compression)
skin/stringers: CY'S, E, DT
spars: CYS, E, corrosion

- ¢ \ f \ lower wing (tension)
skin/sparsistringers: DT, TS

Fig. 3.1 Engineering property requirements for a transport aircraft. See the text for the
abbreviations [1]
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Fig. 3.2 Potential weight savings for aircraft structures owing to various property improvements

[2]
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3.3 Physical Metallurgy of Al-Li Alloys

The presence of lithium atoms in an aluminium matrix gives only a small degree of
solid solution strengthening, owing principally to atomic size differences. However,
lithium substantially increases the elastic constants of the aluminium-lithium solid
solution even though the values of its own constants are noticeably lower than those
of aluminium [4, 5].

The general strength in Al-Li alloys is derived from the presence of large
volume fractions of the coherent &' (Al;Li) phase. The &' phase has a high intrinsic
modulus due to its ordered nature, and this contributes to the high values of elastic
modulus in these alloys. It should be noted that when lithium is in solid solution the
elastic constants depend on both atomic interactions and interatomic potential.
However, when lithium is present in a precipitated second phase the elastic con-
stants depend on both the volume fraction and intrinsic modulus of the second
phase [4]. Strength increases owing to the presence of &' precipitates are obtained
via several mechanisms. Figure 3.3 summarises the contributions of various
mechanisms to the overall strength in terms of the shear stress for slip to occur. The
net shear stress (reflected in the variation of observed strength in Fig. 3.3) is the
weighted average of all the contributing strengthening mechanisms.

Order hardening and modulus hardening contribute the most, while coherency
and surface hardening contribute relatively less. Order hardening makes a major
contribution to strength owing to the creation of antiphase boundaries (APBs) [6,
71]. In order to eliminate the extra energy required to create the antiphase boundary
(APB), the dislocations in Al-Li alloys move in pairs connected by a region of
antiphase boundary such that passage of the second dislocation restores the disorder

Fig. 3.3 Contributions of T T T T T T
various mf.:chamsrr}s to Order hardening e
strengthening by & 140 = P -
precipitates in Al-Li alloys [6, l .
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S -
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L)
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3 : .
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caused by the first [6, 7]. The critical resolved shear stress (Tcrss) for such a
process was found to be [8]:
TCRSS & (YAPB)3/2 N (3.1)
In this expression yapg is the antiphase boundary energy of the &' (AlsLi)
particles, r is the mean radius, and f is the volume fraction of the precipitate
particles. Once sheared, the ordered precipitate particles would result in reduced
contributions from order strengthening. This is essentially due to a reduction in
cross-sectional area of the precipitate particles upon initial shearing. If ng dislo-
cations, each having a Burger’s vector by, shear a given particle and we assume
shearing to take place across the diameter of the precipitate particle, then Tcrss for
continued shearing becomes

TCRSS o (YAPB)3/2 12 [(r - ndbv)l/z} . (3.2)

Thus a reduction in the critical resolved shear stress (Tcrss) becomes significant,
making further slip on that particular plane conducive. Hence slip is favoured to
become planar and the particular plane on which repeated slip occurs gradually
becomes work-softened. Al-Li alloys that are artificially aged to the peak strength
condition tend to exhibit such planar slip deformation behaviour [9-11], which is
detrimental to some engineering properties, notably ductility and fracture
toughness.

Besides order/APB strengthening, the contributions to modulus hardening were
also found to be significant for Al-Li alloys [7] and can be estimated as [12]

AG |31AGI | AL
=2 LWJ {0.8 —0.143In bﬂ Tk (3.3)
where AG is the difference in the shear modulus values of the matrix (G,,) and the
precipitate particles.

Apart from ¢’ (the major strengthening phase in second generation Al-Li alloys),
other co-precipitates contribute to and control the strength, deformation and fracture
of Al-Li alloys. They include 0’ (Al,Cu, the major strengthening phase in first
generation Al-Li alloys); T; (Al,CuLi), the major strengthening phase in third
generation Al-Li alloys; and S/S’ (Al,CuMg), whose presence leads to significant
slip homogenisation. There is also the B’ (Al;Zr) phase, which is the primary phase
that pins the high angle grain boundaries and is therefore important in controlling
and restricting recrystallisation and subsequent grain growth.

All other equilibrium phases are undesirable as they have been found to promote
low energy intergranular fracture and result in low ductilities and inferior damage
tolerant properties. Hence the following phases are kept to a minimum—-3 (AlLi),
T,(AlgCuLis), Ty (Al 5sCugLi,) and Q (hexagonal thin plates in high Cu:Mg alloys).
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For a summary of the various phases present in different Al-Li alloys see
Figs. 3.4 and 3.5. It is evident that the microstructural situations can be complex for
Al-Li-Cu-Mg-Zr alloys, including the Al-Li-low-Cu-high-Mg—Zr third genera-
tion alloys that are of most commercial interest. Thus it is no easy task for com-
mercial processing to optimise the microstructures with respect to obtaining a good
balance of engineering properties for these alloys.

3.4 Processing Technologies

Commercial and semi-commercial Al-Li alloys in different temper conditions are
produced using the following process technologies:

1. Melting in fuel-fired reverberatory furnaces in air atmosphere (adding fluxes to
the melt to reduce atmospheric oxidation), followed by melt degassing and
filtration and Direct Chill (DC) casting into slabs and billets. These processes are
much more challenging to carry out owing to high reactivity of lithium in the
molten alloys [1, 13-19].

2. Thermomechanical working of the DC cast ingots and slabs by hot and cold working
(mainly by rolling, forging and extrusion), employing workability/processing

Al-Li — > Al-Li-Zr —7—> Al-Li-High Cu-Zr — > Al-Li-High Cu-Low Mg-Zr

8,0 8,9, p’ 6',6,0°, T, Ty, p’ 8,8, S, T\, Ty, P
M M l M S MS S 14 l M
(includes alloy 2090) (includes alloys CP 276,
Boeing AE)

—> Al-Li-High Cu-High Mg-Zr

Phases 3,9, S, T,, P’

8" =ALLi

& =AlILi (equillibrium phase) M

B =AlZr (includes alloys 2091 & 8091)

T, = AL,CuLi (equillibrium phase)

T, = AlCuLij, (equillibrium phase) L3 Al-Li-Low Cu-Zr —T—>Al-Li-Low Cu-Low Mg-Zr
(sometimes contains Mg) 6,6, T, T, P’ 8,9, S, T, T,, p°
0’ = CuAl,
AlLMgLi (equillibrium phase)
S’ = ALCuMg M S S
* The phases noted above are typically found (includes alloy 8090)
in various heat treatment conditions

Relative volume fraction: M = maior. S = small —> Al-Li-Low Cu-High Mg-Zr
elative volume fraction: M = major, S = smal 3,5, S’,AlegLi, Tza [3’

Fig. 3.4 Various precipitate phases that form in different Al-Li alloys depending on the
concentrations of alloying elements [1]
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Fig. 3.5 Schematics of typical microstructural features in a second and b third generation Al-Li
alloys [1]

maps [1, 20-26]. The thermomechanical processing consists of well-defined
multiple steps [1] since, as mentioned in Sect. 3.3, it is no easy task to optimise
the microstructures for a good balance of engineering properties.

3. Al-Li alloy products in near net shapes can be produced by superplastic forming
[1, 27-30].

4. Various metal joining techniques can be used, including conventional gas
tungsten arc (GTA) welding for the specially developed Weldalite™ family of
Al-Li alloys and the third generation low-Li alloy 2195; laser beam welding
(LBW), friction stir welding (FSW), and friction welding [1, 31-36].

3.5 Mechanical Properties

The mechanical properties of Al-Li alloys (overall strength, deformation
(quasi-static, dynamic and cyclic) and fracture (in corrosive and noncorrosive
environments)) are governed by metallurgical variables, including chemical com-
position; microstructure (strengthening precipitates, precipitate free zones (PFZs))
and grain boundary characteristics; the processing conditions, including thermal
(ageing) and thermomechanical (ageing with cold work/stretch) treatments; and
finally the shape, size and orientation of the product(s) [1, 37, 38]. Some of the
salient features of the mechanical properties of Al-Li alloys are briefly discussed in
the following sections.
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3.5.1 Tensile Properties

The first generation Al-Li alloys suffered from low ductilities and the second
generation from large degrees of anisotropy in yield and ultimate tensile strengths,
especially very low yield strengths in the direction 45° from the rolling direction
and severe delamination (low ductilities and work hardening exponents) in the
through-thickness directions [37—40]. The development of third generation Al-Li
alloys with lower lithium contents and novel processing techniques have made it
possible for these alloys to possess tensile properties in both in-plane and
through-thickness directions that are comparable to or even better than those of the
traditionally used aluminium alloys [22].

3.5.2 Fatigue Properties

Low cycle fatigue (LCF)

The low cycle fatigue (LCF) behaviour of Al-Li alloys is primarily influenced by
microstructural characteristics and to a lesser extent by crystallographic texture.
Microstructural influences are the lithium content; volume fraction, size and dis-
tribution of the major strengthening precipitates; the degrees of ageing and
recrystallisation; and incorporation of tensile stretching with or without natural
ageing. The only available LCF data are for first and second generation alloys, see
Table 3.2 and Fig. 3.6. These data indicate that the LCF properties of Al-Li alloys
are generally inferior to those of conventional aluminium alloys [46, 47, 51].
High cycle fatigue (HCF)

The HCF resistance of Al-Li alloys is enhanced by solid solution strengthening and
coarsening of ¢ precipitates. Additional contributions come from thermomechan-
ical treatments involving artificial ageing and tensile pre-straining, or cold work
prior to artificial ageing. The available data for all three generations of Al-Li alloys
show that their HCF properties are generally equivalent to, but not significantly
better than those of conventional alloys. This is notably the case for notched fatigue
behaviour, e.g. Fig. 3.7, and is of major importance for aerospace structures [48—
51].

Fatigue crack growth (FCG)

Most of the available data for Al-Li FCG have been obtained for second generation
alloys. These data showed that the Al-Li FCG rates were often lower than those of
equivalent conventional alloys [52]. The main reason for this is ‘crack tip shield-
ing’, i.e. the development of rough fracture surfaces causing high levels of crack
closure in the wakes of the fatigue cracks and concomitant reductions in crack
driving force. Unfortunately, this behaviour was associated with unacceptably high
anisotropic mechanical properties.
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FCG data for third generation Al-Li alloys are becoming more available [52].
The anisotropy problems associated with second generation alloys have been
eliminated or greatly alleviated in third generation alloys, resulting in much less
rough FCG fracture surfaces. Nevertheless, third generation Al-Li alloys appear to
have generally better FCG properties compared to those of the conventional Al
alloys they are intended to replace, e.g. Fig. 3.8.
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Fig. 3.8 Flight simulation FCG curves comparing the third generation damage tolerant AA2199
and AA2060 Al-Li alloys with equivalent conventional alloys: plate thickness 12 mm [52]

3.5.3 Fracture Toughness and R-curves

Fracture toughness is a critical property when selecting materials for aerospace
applications, and has been a major limitation for the first and second generation Al—
Li alloys. In particular, the short transverse (S-L and S-T) plane strain fracture
toughness were too low, e.g. the values for AA 8090-T81 plate in Table 3.2. This
problem has been solved for third generation plate alloys (see the data for AA2050
and AA2060 in Table 3.2).

Plane stress fracture toughness and R-curve data for third generation sheet and
plate materials consistently show similar or better properties than those of equivalent
conventional alloys at similar strength levels [53]. R-curve examples are given in
Fig. 3.9: the third generation alloys AA2060 and AA2199 are superior to the con-
ventional AA2X?24 alloys. Also shown is the much inferior performance of the second
generation Al-Li alloy AA 8090-T86, which was also in a damage tolerant temper.

3.6 Corrosion and Stress Corrosion Cracking

Corrosion
The first generation Al-Li alloys had adequate corrosion resistance, with no service
problems. However, this changed for the second generation alloys, which were
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Fig. 3.9 Comparisons of R-curves for third generation AA2060 and AA2199 Al-Li damage
tolerant plate alloys, conventional damage tolerant AA2X24 alloys and the second generation
AA8090 Al-Li plate alloy [53]

found to be susceptible to intergranular corrosion (IGC), especially at higher Cu and
Mg contents and with increased ageing: increasing susceptibility in the order:
Underaged (UA) < Peak Aged (PA) < Overaged (OA) [54].

Available data on the third generation Al-Li alloys indicate that their IGC
susceptibility can be significantly less than for the second generation alloys, par-
ticularly when ageing is done at lower temperatures [54]. The addition of Zn to
these third generation Al-Li alloys, see Table 3.1, also improves the corrosion
resistance [22]. Currently, it appears that optimum corrosion resistance, notably
against exfoliation corrosion, is obtained from an intermediate regime of ageing,
including peak aged tempers [54].

Stress corrosion cracking

Stress corrosion cracking (SCC) has also been a problem for the second generation
Al-Li alloys, and unlike the IGC susceptibility the SCC resistance decreased with
increased ageing: UA > PA > OA [54].

A similar trend has been found for third generation alloys, but these alloys
benefit from a lower Li content and additions of Zn and Ag (see Table 3.1) such
that in PA tempers they are capable of providing SCC resistances better than those
of equivalent conventional Al alloys [54]. There is a caveat here: this conclusion is
limited to product thicknesses up to about 30 mm. For thicker products it will likely
be more difficult to apply the required thermomechanical processing and multistage
ageing practices needed to optimise the grain boundary microstructures and hence
the SCC resistances [54].



3 Aluminium-Lithium Alloys 69

3.7 Current Indian Scenario

The Indian efforts in development of Al-Li products and components are sum-
marised here

(i) Extensive R&D at the Defence Metallurgical Research Laboratory,
Hyderabad, during 1985-2000, establishing (a) Melting and casting tech-
nologies at 50 kg capacity, (b) Processing using process maps,
(c) Microstructure /texture—processing—property relationships and (d) pro-
duction of extrusions, forgings and clad sheets—all for the alloy 1440,
equivalent to AA 8090. There has also been limited industrial level pro-
duction of 1440 components for the Indian Light Combat Aircraft, using the
large scale melting, casting and processing facilities of VIAM, Moscow.

(i) Concurrent R&D by IISc. and HAL (Foundry/Forge), Bangalore, with
emphasis on optimization of thermal and thermomechanical treatments for
improved corrosion and stress corrosion cracking resistances—again on
alloys equivalent to AA 8090 and its products.

(iii) Establishing welding technologies for Al-Li products.

(iv) Detailed microstructural analyses, mechanical properties anisotropy, fatigue
power law relationships, fracture toughness (including under mixed-mode
loading) and fatigue crack growth (including Constant Amplitude, Random
and Flight Spectrum Loading).

(v) Most recently, there are initiatives to melt, cast and process third generation
Al-Li alloy flat products at MIDHANI, Hyderabad, for the Indian Space
Programme.

3.8 Conclusions

The third generation Al-Li alloys are actual and potential candidate materials for
replacing the traditionally used Al alloys and competing with carbon fibre com-
posites for applications in aerospace structures. Intense international scientific
research, development and commercial production efforts have addressed the most
outstanding problems associated with Al-Li alloy deployment in various
aerostructural applications. This has meant establishing (i) production technologies
for large-scale melting and casting Al-Li alloys with optimised chemistry, (ii) ad-
vanced processing based on process modelling, (iii) thermal and thermomechanical
treatments to achieve the desired microstructures for optimum property combina-
tions, and (iv) fabrication and joining technologies, including superplastic forming
and innovative welding techniques.
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