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Abstract

The objective of this work is to study the effects of
dissolved hydrogen on the mechanical properties of aluminum-
lithium alloys: 2090, 2091, and Weldalite 049, and to compare
with the effects on aluminum-copper 2219 alloy. Prior to
mechanical testing, aging studies were performed for 2090 and
2219 using microhardness Vickers to determine the peak aged
condition required by NASA. The Charpy tests are part of this
study designed to investigate the effects of temperature and
notch orientation on fracture behavior. Disk rupture tests
were used with various gases (hydrogen and nitrogen) and three
strain rates (increament of 50 psi every 20, 200 and 300
seconds) and two temperatures (room and 1liquid nitrogen
temperatures) to determine the effects of hydrogen on the
sample during the tests. Some independent studies on the
corrosion behavior and electrochemical hydrogen charging of

2219 and 2090 were also performed.

An effect of double peak aged condition was found for

both 2219 and 2090 alloys. Prior to mechanical testing, the



2090 received in the T3 or W51 conditions was chosen to be
aged in an air furnace at 170°C for 16 hours. The Charpy
studies showed a higher propagation energy needed for the T-S
and L-S orientations than for the L-T and T-L orientations,
due in large part to the extensive delamination propagation of
the fracture. The disk rupture tests showed a important
decrease of the fracture to failure on the 2090 and 2091 due
to hydrogen while no important variations were seen for the
2219 and the weldalite 049 alloys. No effect of hydrogen were
found, with the disk rupture test, at cryogenic temperature
and for all alloys. The corrosion behavior of 2219, as well as
2090, showed development of pits under neutral and acidic
environments while general corrosion was optained with basic
environment. Two solutions were found to charge the samples in
hydrogen: a potentiostatic test for 5 hours at -3V, and a
galvanostatic test for 20 hours at -500uA, both performed in

a 0.04 N HC1l plus As,0; environment.
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1.0 INTRODUCTION

Specific strength is a major design concern in the
aerospace industry. Lighter materials with good mechanical and
physical properties have been developed and evaluated for long
time. Consequently, particular interest has been shown in
aluminum and its alloys. These have the advantage of combining
low density with good mechanical properties as well as being

amenable to a variety of casting and forming processes.

Aluminum-copper alloys, with the advantage of heat
treatments, appeared to develop higher strength and mechanical
properties than traditional alloys. These alloys also have
good welding characteristics, corrosion resistance and
cryogenic properties. In the effort to further reduce density,
lithium was introduced as a new alloying element in aluminum-
copper alloys. In the late 1950's, alloy 2020 became the first
commercial alloy to contain a significant amount of lithium.
This new alloy, however, was withdrawn in 1974 due to the
combination of low toughness and production difficulties,
after being used on the RA5C Vigilante US Navy aircraft [1].
In the late 1970's, as airframe builders 1looked for new
materials to reduce weight, four new aluminum-lithium alloys

appeared; 2090, 2091, 8090 and 8091 [2].



By comparison with traditional alloys, the aluminum-
lithium alloys show many advantages. By adding one weight
percent lithium, the density is reduced by three percent and
the elastic modulus is increased by six percent. However, the
precipitation of the ordered é§' phase (Al,Li), which nucleates

as homogeneous spheres possessing a Ll structure and

2
contribute to the strengthening of this alloy [3], produces
lower ductility and fracture toughness as well as the
formation of precipitate-free zones (PFZ) [3,4]. These
problems can be overcome by alloy additions that co-
precipitate along with the Al,Li phase and help disperse slip
and eliminate PFZ's. In alloy 2090, as well as 2091, two of
the alloys studied in the present work, these additives are Cu
and Mg. Alloys containing more than about 1.5 wt% lithium can
be expected to form a homogeneous distribution of Al;Li and
various amounts of other phases. These may include the phases
occurring in binary aluminum-copper alloys, namely, G.P. zones
(from the researchers Guinier and Preston [5]), Al,Cu (®),and
the two transition phases ' and 6", and those occurring in

the ternary Al-Li-Cu and Al-Cu-Mg alloys, namely, Al,Culi (T,),

Al,Culi; (T,), Al,CuMg (S) and the transition phase S'.

Mechanical properties of these alloys have been the
subject of numerous studies, but corrosion behavior and
hydrogen embrittlement behavior require additional

2



understanding.

Lithium is a very reactive element; its addition is
unfavorable in corrosion resistance. The precipitation of the
5§ phase (AlLi) at grain boundaries decreases the stress
corrosion cracking resistance [6,7]. It is also known that
lithium increases the sensitivity to localized corrosion,
particularly pitting corrosion [8]. Furthermore, hydrogen
embrittlement tends to be increased by the addition of lithium

due to reaction with lithium and formation of lithium hydrides

(°o].

Addition of silver in aluminum-lithium alloys has been
recently developed with the introduction of Weldalite 049. Its
addition increases the corrosion resistance of the alloy. It
also gives a good weldability behavior without any loss in
lithium. It also promotes the precipitations and increase the

age hardening of the alloy.

To gain better understanding of the aluminum-lithium
alloy 2090 and other light materials and in order to examine
the possibility of replacing the traditional aluminum-copper
alloy 2219, NASA has supported a program associated with the
University of Virginia on the Light Aerospace Alloy and
Structures Technology. This program has been divided into four

3



main areas such as environment assisted degradation mechanisms
in advanced 1light metals, aerospace materials science,
mechanics of materials for aerospace structures and thermal

gradient structures [10].

The work described in this thesis was part of this NASA
Langley Research Center Grant program. The task was concerned
more specifically with the study of the effect of dissolved
hydrogen in 2090 and 2219 in order to evaluate the replacement
of 2219 for the hydrogen tanks of the space shuttle.
Initially, both of these alloys have been studied regarding
aging effects behavior. In addition, disk rupture tests have
been performed on both of these alloys plus the two other

lithium-bearing alloys, 2091 and Weldalite 049.



2. Background.

2.1 Aluminum and its alloys.

Aluminum has an atomic number of 13 and an atomic weight

. . 27
of 26.98 g. Naturally found as a single isotope, Al™, 7

radioactive isotopes can be created going from a1® to m1%
[11]. Its crystalline structure consists of a face-centered

cubic lattice with a lattice parameter of 4.0494 A at 25°C

(77°F) and melts around 660°C (1220°F). Two great advantages
of aluminum are a low density, 2.7 g/cc, and good corrosion
resistance in many environments, due to a thin oxide layer,

usually not more than 100 A in thickness. This layer forms

instantaneously in the presence of oxygen and stays extremely

stable in many environments.

Because pure aluminum is very soft and weak, it is not
often used as a structural material without the addition of
alloying elements. Nearly all elements are miscible in
aluminum in its liquid state except for cadmium, indium,
thallium, lead, bismuth, sodium and potassium which are only
partly miscible. On the contrary, in the solid state, no
element is known to have a complete solubility with aluminum.

In the decreasing values of solubility, 2zinc is the most



miscible element (66.4 at%), then silver, magnesium and
lithium (higher than 10%), and gallium, germanium, copper and
silicon (between 1 and 10 at%). All these values correspond to
a temperature close to the eutectic temperature and decrease

rapidly with temperature.

The most widely used alloying elements for aluminum are
copper, magnesium, manganese, silicon. and zinc. Copper, used
as an alloying element for aluminum, gives one of the most
useful classes of aluminum alloys. It has an appreciable
solubility in the aluminum matrix and has an important
strengthening effect due to the precipitation of the ' phase
during aging treatment. Magnesium, used as the principal
alloying element, gives an important class of non-heat-
treatable alloys. It provides substantial strengthening in
addition to a high work-hardening characteristic [12]. It can
also be added to the Al-Cu alloys to accelerate and increase
age hardening at room temperature. Manganese does not give
substantial changes to the mechanical and physical properties
of aluminum when used alone, but it provides a substantial
increase in strength when added as a supplementary alloying
element. It forms intermetallic phases which help to prevent
or delay recrystallization during processing. Silicon confers
to aluminum a great increase on the fluidity in the liquid
state with a moderate increase in strength. Added to Al-Cu

6



alloys, it increases the castability with a wide desirable
range of characteristics and properties. It can also be added
to Al-Mg alloys to give good corrosion resistance. The Al-Zn
alloys are generally used for galvanic protection against
corrosion. Lithium reduces the density of the alloy while
increasing the elastic modulus. The precipitation of the
ordered §' phase (Al;Li) contributes to the strengthening of
this family of alloys [4]. Its study will be further described

in paragraph 2.3.

2.2 Heat treatment of aluminum alloys.

Aluminum alloys are classified as heat-treatable or
non-heat-treatable, depending on whether or not they respond
to precipitation hardening. Alloying elements creating
heat-treatable aluminum alloys mostly consist of copper,
lithium, magnesium and zinc [13]. A normal heat-treatment
cycle includes a solutionizing soak at high temperature
increasing the solubility of the alloying elements, followed
by rapid cooling or quenching to obtain a solid solution
supersaturated with both solute elements and vacancies. This
is followed by an aging operation at room or intermediate
temperature which allows the solute atoms to cluster together
and to form precipitates coherent with the matrix and often
referred to as G.P. zones [5]. The range of temperature for

7



the solutionizing soak and the aging operation is very
important and the choice can be made using a phase diagram as

shown in Figure 1. »T, represents the temperature range for
solution heat treating, and pT, shows the temperature range

for precipitation heat treatment of the hypothetical system A-
B. A critical temperature can then be defined as a metastable
solvus line, shown on the equilibrium diagram as the G.P. zone
solvus. The solid solution is metastable with respect to GP
zones below this temperature and the zones do not form above
the critical temperature. An excess in vacancies can also move
this zone to higher temperature, accelerating the formation of
clusters during the quench and/or acting as nucleate sites for
the new phase. The decomposition of supersaturated solid
solution below the critical temperature normally occurs
following the sequence:

supersaturated solid solutionw clustersw transition structurew

final structure.

Precipitate-free zones (PFZs) can also form at high-angle
grain boundaries and may be caused by two different phenomena
[14]:

- Vacancies are lost to the grain boundary prior to aging
as a result of aging between the critical temperature

determined with equilibrium vacancy concentration and the



critical temperature with excess of vacancies. This is called
a vacancy-depleted PFZ.

- Normal nucleation and growth of the equilibrium phase
occurs at the grain boundary, depleting the adjacent region of

the solute. This produces a solute-depleted PFZ.

PFZs almost always have deleterious effects on the
properties of aluminum alloys. They are softer than the
surrounding matrix and under an applied stress, can be regions
of strain localization leading to premature fracture [14].
They may also increase the susceptibility to stress corrosion
cracking of the alloys [15]. To minimize grain boundary
precipitation and PFZ formation during the processing
procedure, low temperature aging or deformation prior to aging

are frequently used.

To decrease both type of PFZs, the aging temperature can
be 1lowered, increasing the solute supersaturation and
decreasing the nucleation and growth of the equilibrium
precipitates. For these reasons, a double aging treatment can
be used by first aging at a low temperature minimizing the
formation of PFZs and increasing the number of precipitates
and second by aging at a higher temperature which accelerates
the growth of the precipitates and often their transition to

an intermediate precipitate.



Trace elements can be found in aluminum either as
impurities or by design. They frequently have an effect on the
precipitation process. They can act by one or more of the
following mechanisms:

a) Interact with vacancies and alter the kinetics of the
precipitation process.

b) Change the interfacial energy of the cluster and/or
precipitate and may raise or lower the critical temperature
and alter the nucleation frequency.

c) May alter the type of precipitate formed.

Most commercial alloys are designed to have second phases
that control the grain structure. Chromium, manganese and
zirconium are some of the transition metals which can be found
in aluminum alloys. They form intermetallic phases with little
or no solubility in the initial matrix. They precipitate as
small particles during solidification or ingot preheat as
dispersoids and help to ©prevent or delay static
recrystallization during processing. In particular, they aid
in retaining the elongated or pancake shape grains that
develop during working and keep good mechanical properties in
the working direction. Two kinds of dispersoids can exist in
the matrix; coherent and incoherent. Coherent dispersoids,
like Al;Zr, are more effective in inhibiting grain boundary

10



migration than the incoherent dispersoids, like Al,.Mg,Cr or
Al,Mn,Cu, [16]. They may also affect the quench sensitivity of
an age-hardenable alloy by precipitating out as coarse
particles and reducing the degree of supersaturation, lowering

fracture toughness and ductility.

The strength of the age-hardened alloy is due to the
interaction of dislocations with preprecipitates and
precipitates that may be coherent, semi-coherent or incoherent
with the matrix. The particles may form in a variety of
shapes, as spheres, cubes, disks or needles, depending of the
misfit between particle and matrix and on the interfacial
energy. As the particle grows, coherency strain builds up and
is finally released when the particle becomes incoherent. This
occurs due to a change in particle-dislocation interaction
from one of shearing to that of dislocation looping or

bypassing the particle.

Depending on the use of an alloy, heat treatment can
become very important, and a small variation in the processing
can introduce much variation in the mechanical and physical
properties. For example, it becomes important to avoid PFZs or
equilibrium phases in alloys in which one desire to get good
mechanical properties. This problem can be controlled most of
the time during the aging operation, and a deviation in the

11



temperature or in the time can generate large variations on

the strengthening and ductility of the alloy.

2.3 Aluminum-lithium alloys.

The single 1largest alloy-development effort in the
history of aluminum metallurgy is taking place in an effort to
bring to commercialization a special group of aluminum alloys
containing lithium as one of the primary alloying elements.
Lithium has the unique capacity of increasing the elastic
modulus while substantially lowering the density of aluminum.
The reduction in density for various types of aerospace
vehicles, shows the greatest impact of any property change in
reducing the structural weight of the vehicles. In response to
that need, aluminum laboratories and aluminum companies have
put together efforts to develop this new class of alloys, and
as a result, during the summer 1988, seven new aluminum-
lithium alloys had been registered. Figure 2 summarizes the
evolution of lithium used as an alloying elements in aluminum
alloys. From the seven alloys registered with the Aluminum
Association in 1988, four have received more attention by the
aerospace industry: 2090 registered by ALCOA in August 1984,
2091 registered by Pechiney in April 1985, 8090 registered by
Alcan and Pechiney in May 1985, and alloy 8091 registered by
Alcan in March 1985. Table 1 shows the composition of those

12



four alloys, including 2219 as a reference and the new alloy

with silver: Weldalite.

Like a large number of the conventional alloys, the Al-Li
alloys under development are precipitation-hardenable. The
primary phases of interest in the binary Al-Li alloy are the
fcc Al solid solution, o, the equilibrium AlLi phase, 6, and
the metastable coherent AJ3Li phase, §'. Figure 3 shows the
calculated phase diagram from Sigli and Sanchez [17]. The a+$§'
solvus line and é' phase field are not yet completely defined
and additional investigations are still being performed [17-
20]. The precipitation of the é§' phase is the most important
because it gives the characteristics of precipitation-
hardening to the Al-Li based alloys. Studies on this
precipitate show the coherency at the interface between the a
and é§' phases. Little evidence of strain at the interface can
be seen, but it is generally very smooth. This phase can form
during the quench from the solution treatment temperature. The
morphology of the é§' phase is almost invariably spherical and
the distribution is homogeneous into the a matrix and
insensitive to variation in pre-aging thermal history. An
exception of this generalization has been shown by Baumann and
Williams [21] when nucleation occurs at low undercooling. For

pT<40°C, 6é' nucleates near dislocations and low angle grain

13



boundaries, and the shape is disk-like because of rapid
impingement of Li diffusion fields parallel to the dislocation
lines. Precipitation of the highly reactive equilibrium §
phase creates a problem in Al-Li base alloys. It results in
the formation of Al;Li precipitate-free 2zones, 1loss of
ductility, an increase in fatigue failure, and a low
resistance to stress corrosion cracking. It nucleates
heterogeneously generally at the grain boundaries but can form
also into the matrix. It has been proposed that é§' transforms
to 6§ via a shear mechanism [22] and also that § nucleates

directly on the a-6' interface [23].

As shown in Table 1, the main alloying elements used in
commercialized Al-Li alloys are copper, 2zirconium, and
magnesium. The addition of these elements to the binary Al-Li
alloy modifies the precipitation sequence by forming new
metastable and equilibrium phases which coprecipitate with the
§' phase. Zirconium, in small amounts, is added to the alloy
to control the grain structure. It precipitates as a fine
dispersion of fully coherent, ordered Al;Zr dispersoid

particles, B', during ingot solidification and subsequent

homogenization treatments. Its role is to retard grain-

boundary migration during the various thermal-mechanical

treatments and therefore to inhibit recrystallization [24]. B!
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