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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 liquid 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 HCl 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 RASC Vigilante US Navy aircraft [1]. 

In the late 1970's, as airframe builders looked for new 

materials to reduce weight, four new aluminum-lithium alloys 

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



By comparison with traditional alloys, the aluminun- 

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 §' phase (Al1,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 6' 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 

6 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 

[9]. 

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 light 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 

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

radioactive isotopes can be created going from Al” to al” 

[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, indiun, 

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 aluminun. 

In the decreasing values of solubility, zinc 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 8' 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 
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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 6' 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 
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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. pT, represents the temperature range for 

solution heat treating, and oT, 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 lowered, 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 
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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 largest 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 aluminun. 

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 aluminun- 

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 
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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 

fec Al solid solution, a, the equilibrium AlLi phase, 6, and 

the metastable coherent Al,Li phase, 6'. Figure 3 shows the 

calculated phase diagram from Sigli and Sanchez [17]. The até' 

solvus line and §' phase field are not yet completely defined 

and additional investigations are still being performed [17- 

20]. The precipitation of the §6' 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 6' 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 6' 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, &' 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 6 

phase creates a problem in Al-Li base alloys. It results in 

the formation of Al1,Li precipitate-free zones, loss 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 &' transforms 

to 6 via a shear mechanism [22] and also that 6 nucleates 

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

As shown in Table 1, the main alloying elements used in 

commercialized Al-Li alloys are copper, zirconium, 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 

6' 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, 8', 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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has also a great effect on the size, distribution and 

coarsening kinetics of &'. The B', unaffected by solution-heat 

treatment, acts as a preferential site for the formation of 

the §' during all the aging operations because of an 

isostructure between the two phases [25]. 

The addition of copper to the Al-Li alloys does not 

affect the &' precipitation [25] but it creates additional 

beneficial precipitation independently of the 6' reaction. The 

nature of the metastable and equilibrium phases that form 

depends on the Cu:Li ratio [26]. For the 2090 alloy, aging 

between 120° and 200°C can form two different phases: the 

metastable 6'(Al,Cu), which is the primary strengthening phase 

in Al-Cu alloys, and the equilibrium Tl-phase (Al,CuLi) [26- 

27]. For a ratio of Cu:Li less than about 1:3, the @'phase 

does not precipitate. @' has a tetragonal crystal structure 

and precipitates as platelets parallel to the {100} plane of 

the matrix. On the contrary, the T1 phase has a hexagonal 

crystal structure which precipitates as thin platelets along 

the {111} planes of the matrix. In commercial alloys such as 

2090, the Tl phase is predominant at the peak aged condition 

but the @' phase may be present in small amounts. Tl has a 

strong tendency to nucleate on dislocations and low-angle 

grain boundaries. Consequently, cold work made after solution- 
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treatment promotes more uniform matrix precipitation of Tl 

during the aging sequence and improves the strength-toughness 

combination of the alloy over that produced by aging alone 

[28-29]. Another copper-containing equilibrium phase can also 

form at the high-angle grain boundaries: the T2 phase which 

has the stoichiometry of Al,CuLi, [26]. The formation of this 

phase, richer in lithium than the 6&' phase, results in the 

development of §' precipitate-free zones adjacent to the grain 

boundaries with a reduction in ductility and fracture- 

toughness. Cassada et al [30] showed that the T2 phase in the 

2090 Al-Li alloy is stable for a range of temperatures going 

from 170° to 520°C. Plastic deformation prior to aging and/or 

lower temperature artificial aging can be used to avoid the 

formation of the T2 phase maintaining good ductility and 

fracture toughness without sacrificing strength. 

Addition of magnesium to Al-Li alloys decreases the 

solubility of lithium in aluminum for all temperatures below 

425°C [31]. It also creates Al,MgLi phase with a cubic a-Mn 

crystal structure developing as an incoherent phase with the 

matrix at the grain boundaries, dislocations and other 

inhomogeneities [32]. This leads to the development of $&' 

precipitate-free zones during artificial aging and has a 

terrible effect on the ductility, fracture toughness and 

corrosion resistance of the alloys. On the other hand, 
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combined with copper, it tends to form the S' phase (Al,CuMg) 

with an orthorhombic crystal structure formed as rods or 

needles along the <100> directions in the matrix. Because it 

is partially coherent with the matrix, it contributes 

Significantly to the strength of the alloys, and forms as a 

heterogeneous nucleation along matrix dislocations, low-angle 

grain boundaries and other structural inhomogeneities. Its 

formation depends greatly on the magnesium:copper ratio. In 

the 2090 where the amount of magnesium is very small, it 

suppresses the formation of the 6' and introduces the S' 

phase. 6' is not affected by the presence of Mg and Tl remains 

the dominant secondary phase. With an higher lithium-lower 

copper alloy as 8090, S', which coprecipitates with 6' and a 

small amount of T1, becomes the dominant Cu-bearing phase 

[33]. As the magnesium:copper ratio increases, the 

precipitation of the Tl phase is suppressed and the S' phase 

becomes the primary Cu-bearing precipitation-hardening phase, 

as can be seen in the 2091. When the amount of magnesium 

exceeds that of copper, prolonged aging promotes’ the 

precipitation of Al,MgLi phase along with the S'. 

A schematic representation of the various phases found in 

Al-Li alloys is shown in Figure 4. 

Addition of silver in Al-Li alloys has been recently 
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developed with the Weldalite 049 alloy. It increases the 

corrosion resistance, in particularly the stress corrosion 

cracking resistance, and increases the weldability without any 

loss of lithium. It also promotes precipitations and increases 

the strength hardening of the alloys. 

The mechanical and physical properties of the Al-Li 

differ a lot from common aerospace alloys. They represent an 

important challenge to optimize their use on aircraft and 

aerospace shuttle structures. One of the greatest advantages 

of the Al-Li alloys is the reduction of density. Each one wt% 

of lithium added to the aluminum alloy reduces the alloy 

density by approximately 3% [34]. Even the addition of heavier 

alloying elements such as copper or manganese, the reduction 

in density is still important. Figure 5 shows the influence of 

alloying elements on the density. The results give densities 

of 2.58 for 2091, 2.57 for 2090, 2.55 for 8091 and 2.54 for 

8090 compared to the 2.70 for pure aluminum and 2.81 for 2219. 

Several studies have shown that the reduction in density is 

the most important material property for achieving a reduction 

in the structural weight of the space vehicles [36]. It is 

even more important than the changes in strength, fracture- 

toughness, modulus of elasticity, or fatigue properties. 

Likewise, lithium also increases the modulus of elasticity. 
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Each one wt% of lithium added increases the elastic 

modulus by about 6% [34]. This is explained by solid-solution 

effects and precipitation of lithium-bearing compounds and 

depends on the amount of lithium added as well as prior 

thermal treatments [37]. Variations due to copper and 

magnesium are quite small compared to lithium. The 5' 

precipitation that occurs during the aging process also has an 

important role on the mechanical properties. The Ll, 

superlattice structure found in the 6' phase promotes the 

tendency for slip localization in the 6'-strengthened alloys. 

This occurrence of planar slip are thus a characteristic 

feature of Al-Li alloys. Otherwise, the maximum strength, or 

peak aged condition, corresponds to the transition from 

dislocation shearing to dislocation bypassing of 6' by the 

Orowan-bypassing mechanism [38]. When the bypassing process 

occurs, a reduction in the ductility seems to be due to the 

precipitation of equilibrium 6 phase at the grain boundaries 

and the formation of PFZs adjacent to these grain boundaries. 

These two effects contribute to intergranular fracture [39]. 

Other second or third age-hardening phases, like 6, T and S', 

contribute to the strength and modify the deformation 

characteristics. T1 in particular provides an improved 

strength-fracture toughness combination. The addition of 

zirconium to the Al-Li alloys, which has an effect on the 

recrystallization process as has been shown previously, 
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promotes preferred crystallographic texture and substantial 

anisotropy in mechanical properties with a tensile and shear 

strength minima along directions 40 to 60 degrees from the 

working direction. The strength reduction can approach 20%. 

The unrecrystallized products offer low elongations in the 

longitudinal direction, 3 to 7%, but these values are 

substantially improved in the off-angle and long transverse 

directions [33]. The fracture toughness of aluminum lithium 

alloys has been a great concern since the first commercial 

alloy 2020, which had poor plane-stress fracture toughness. In 

any case, the lowest ductility and fracture toughness on Al-Li 

alloys are observed for the S-T direction. For this 

orientation, the grain boundaries parallel to the rolling 

plane are normal to the loading direction and the failure 

which occurs is intergranular due to the inherent weakness of 

the grain boundaries of the Al-Li alloys. On the other hand, 

the L-T orientation, where the failure occurs as a combination 

of transgranular shearing and intergranular delamination, 

gives the greatest ductility and fracture toughness. For the 

Al-Li alloys, the various fracture mechanisms have been 

determined and are described as follows: 

a) Planar slip which results from the shearable nature of 

the ordered 6' phase [40]. 

b) Strain localization due to soft PFZs forming along the 

grain boundaries [28]. 
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c) Higher hydrogen content than traditional alloys 

creating embrittlement [41]. 

ad) Impurities that have forms during the solidification 

process along or near the grain boundaries and that tend to 

remain concentrated. 

e) Grain-boundary embrittlement created due to the 

precipitation of equilibrium phases such as T2 and 6 [30]. 

f) The uncrystallized structure which becomes very highly 

textured in thin products and results in low-angle grain 

boundaries allowing cracks to propagate rapidly. 

To obtain the best fracture toughness in the Al-Li alloys 

it is recommended to follow a natural aging after 

solutionizing and quenching, and to use a low temperature 

aging process to obtain a final product in the underaged 

condition. It is also favorable to cold work the alloy between 

the quenching operation and the low-temperature aging. Al-Li 

alloys retain a good combination of strength and fracture 

toughness at cryogenic temperatures which is much better than 

the standard alloys, such as 2219. Also most aluminum lithium 

alloys are amenable to superplastic forming [42], display good 

or moderate weldability [43], and are reasonably corrosion- 

resistant [44]. 

All these interesting mechanical and physical properties, 
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in addition to the low density, justify the effort in the 

development of these alloys. This type of alloy will become 

the new generation of aluminum alloys used in space and 

aerospace industry. 

2.4 Corrosion mechanisms of aluminum alloys. 

Aluminum and its alloys are selected as construction 

materials in many fields due to their ability to resist 

corrosion. Although aluminum by itself is a very active metal 

with an electrode potential of -1.66 volts, as shown in Table 

2 [45], its behavior is very stable in most environments due 

to a protective oxide layer which forms instantaneously. This 

film is self limited and will not get thicker than about 100A. 

This layer remains stable in most acidic and neutral 

environments but can dissolve rapidly in alkaline solutions. 

As for most structural metals, the corrosion mechanisms 

of aluminum are associated with the flow of electric current 

between various anodic and cathodic regions. Table 3 shows 

different electrode potentials of aluminum and constituents. 

As can be seen, the range is very large and can favor galvanic 

corrosion at the surface of the alloy. This type of corrosion 

is non-uniform. It develops in localized areas of the metal, 
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keeping adjacent areas free of attack [46]. The principal is 

very simple and is explained in Figure 6. In this scheme, zinc 

and platinum are taken as an example. Zinc, with an electrode 

potential of -0.763 volts is more reactive than platinun, 

electrode potential of +1.2 volts; electrons tend to go from 

the zinc to platinum. Put together in contact and in a 

solution of HCl, hydrogen ions combine, at the platinum 

surface, with electrons to form hydrogen atoms. This reaction 

also develops at the zinc surface but only in a small amount. 

The loss of electrons in the zinc part gives free zinc ions 

leaving the surface and dissolving into the_ solution, 

maintaining electrical equilibrium. Zinc is then considered as 

the anode and platinum as the cathode. The combination of both 

metals in the acidic solution is called a dry-cell battery 

[47]. The speed of this type of reaction does not depend only 

on the potential difference between the two metals but also on 

the electrical conductivity of the environment. 

Another kind of corrosion attack can develop at the 

surface of aluminum and its alloys, known as pitting 

corrosion. It can develop rapidly due to a breakdown in the 

oxide layer. A schematic of the evolution of a pit is shown in 

Figure 7. This type of reaction can be autocatalytic. As an 

excess of positive charge is created in the pit due to metal 

dissolution, chloride ions migrate inside it to maintain the 
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electroneutrality. As a result of this hydrolysis, an excess 

of hydrogen ions is created at the surface adjacent to the 

pit. This induces an electron flow from the surface of the pit 

to the undamaged surface, forming more metal ions to flow into 

the pit. This process accelerates rapidly with time for most 

metals, and hydrogen and chloride ions’ stimulate the 

dissolution process. 

Because of the susceptibility of aluminum alloys to 

localized corrosion, control of hydrogen entry via cathodic 

charging in these alloys is a challenge. Additionally, the low 

diffusion coefficient for hydrogen in aluminum (10° m°/s), 

and the very low value in the oxide film (10°' m°/s) mean that 

gaseous charging is not usually feasible. Thus, the evaluation 

of the effect of internal hydrogen on the mechanical behavior 

of aluminum alloys usually requires cathodic charging in 

aqueous solutions. Charging solutions and potential or current 

density values must be carefully selected to assure that 

hydrogen is introduced without surface damage due to localized 

corrosion. 

2.5 Hydrogen in metal. 

In 1866, Thomas Graham discovered the ability of the 

metal palladium to absorb large amounts of hydrogen [48]. As 
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he observed that hydrogen can permeate a membrane at an 

appreciable rate, palladium membranes were then used to 

extract hydrogen from gas streams or to purify hydrogen [48]. 

Other investigations have shown the changes of physical 

properties of palladium due to absorption such as lattice 

expansion, electrical resistivity or magnetic susceptibility. 

Since Graham, many studies has been performed on hydrogen- 

metal systems. This problem has also been considered for 

structural metals and alloys. Since this time, many 

observations have been done on the dramatic effects of 

hydrogen on mechanical properties. 

Hydrogen damage can be classified into four distinct 

types [49]: 

-hydrogen blistering 

~hydrogen embrittlement 

-decarburation 

-hydrogen attack. 

The two first types are due to penetration of hydrogen 

into the metal. Hydrogen blistering results in local 

deformation and may result in complete destruction of the 

structure. On the other hand, hydrogen embrittlement results 

in a loss in ductility and tensile strength. Decarburation 

consists of the removal of carbon in steel and lowers the 
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tensile strength of steel. Hydrogen attack refers to the 

interaction between hydrogen and other components and occurs 

mostly at high temperatures. 

In this study, hydrogen embrittlement is the type most 

relevant to aluminum alloys. Three different cases of 

embrittlement can also be determined: 

~Hydrogen stress cracking due to absorption of hydrogen 

gas in contact at the surface. 

-Stress corrosion cracking or also hydrogen stress 

cracking due to absorption as a result of corrosion reactions. 

-Sulfide stress cracking when the corrosion is involved 

by hydrogen sulfide. 

Only the first class is evaluated in this research. It is 

important to note that only a few ppm of hydrogen in a metal 

can cause cracking and have a dramatic effect on the 

mechanical behavior of the materials. It may be also important 

to make a distinction between pure hydrogen embrittlement and 

stress corrosion cracking (SCC). Figure 8 represents a typical 

potentiodynamic curve of an Al-Li alloy, showing the 

difference between the cathodic and the anodic charging. 

Figure 9 is a schematic which shows a simple, yet useful 

distinction between SCC by local anodic dissolution and SCC by 

hydrogen embrittlement. In the case of a flowing current 
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through the sample, hydrogen embrittlement occurs when the 

charging current is situated into the cathodic zone, while in 

the anodic zone, stress corrosion cracking is taking place via 

anodic dissolution at the cracks tips. The effects of hydrogen 

in aluminum and its alloys will be developed in the next 

section. 

2.6 Hydrogen in aluminum and aluminum alloys. 

It has been thought for a long time that face-centered 

cubic metals and alloys are less sensitive to hydrogen 

embrittlement effects. Also, the solubility of hydrogen in 

pure aluminum is very small. However, since the mid-1970s, the 

extent of hydrogen damage in aluminum alloys has been 

recognized to be substantial. It has also been accepted that 

hydrogen embrittlement plays a key role in stress corrosion 

cracking which represents a major concern of the high-strength 

aluminum alloys. This explains why  Hydrogen-induced 

degradation of mechanical properties of aluminum and aluminum 

alloys must be understood. 

As it has been said previously, solubility of hydrogen in 

pure aluminum is very small: about 10° atomic fraction at the 

melting point and decreases rapidly with temperature, making 

it difficult to analyze accurately. The solubility has been 
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reported by Eichenauer et al [50], Ransley and Neufeld [51], 

and Opie and Grant [52]. Finally, smoothing all these results, 

Talbot [53] gives an empirical equation for the solubility as 

a function of temperature in the solid phase: 

log Cy-(-2580 /7)+1. 399 (1) 

In this equation, C, is in units of cubic centimeter of 

hydrogen gas at 0°C and 1 atm per 100 g of aluminum and T is 

the absolute temperature in Kelvin. It is important to note 

that the data used to obtain Eq. (1) were obtained over a 

range of high temperature (470 to 660°C). No studies have been 

reported for room and low temperatures. Extrapolation of this 

equation at room temperature gives a result of 1.5x10°'* atomic 

fraction as the solubility. It is also important to remark 

that an increase in vacancy sites and the presence of traps 

can increase, substantially, the equilibrium concentration. No 

studies have been yet reported on the solubility of hydrogen 

in aluminum alloys with the influence of alloying elements. 

Hydrogen dissolves interstitially and expands’ the 

crystal lattice. Interstitial hydrogen can also be bonded by 

an alloying element like lithium in the Al-Li alloys, creating 

the hydride LiH. The diffusivity of hydrogen in aluminum has 

received much attention since the 1950s [54-56], but most of 
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these investigations were done for high temperatures (up to 

550°C). Finally Ishakawa and McLellan [57] did some studies at 

room temperature on the diffusion coefficient and an equation 

which represents the best fit was then developed: 

D(m4/s)-9.2x10 “exp (-55250 J/ mol / RT) (2) 

This equation will give a diffusion coefficient of 10°" 

m/s at room temperature for hydrogen in pure aluminum. The 

oxide layer, although very thin, plays a major role as barrier 

to hydrogen embrittlement at the surface of aluminum metal. 

The diffusion coefficient for hydrogen in the oxide layer is 

about 10° m*/s at room temperature. Solubility as well as the 

diffusivity of hydrogen into aluminum can be significantly 

influenced by trapping due to lattice defects such as 

vacancies, dislocations or grain boundaries. Also solute atoms 

and their clusters can act like hydrogen traps. An approximate 

value for hydrogen diffusivity is 2x10" m’/s for Al-Li alloys 

[58]. 

Hydrogen in supersaturation can combine together and form 

a gas bubble in the lattice. Therefore, voids preexisting or 

formed by hydrogen precipitation can become new traps for 

hydrogen. The binding energies of hydrogen with lattice 

vacancies, 0.5 eV (48.1 kJ/mol), grain boundaries, 0.15eV 
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(14kJ/mol) [58], and lithium, 0.68eV (65.4 kJ/mol) [9] show 

that lithium has a significant bonding effect on hydrogen. As 

has been seen previously, the diffusivity of hydrogen in Al 

alloys is very small, but many observations showed that moving 

dislocations can increase it. Albrecht et al [59] and Hardwick 

et al [60,61] observed that hydrogen embrittlement was most 

pronounced when cathodic charging was carried out during slow 

plastic straining with a strain rate of about 10°°/sec. These 

observations were done for 2124, 7050 and 7075 aluminum 

alloys. Enhanced embrittlement effects caused by apparent 

dislocation transport of hydrogen deep into the alloy were 

found. Studies have shown in aluminum [62] and in aluminum 

alloys 7050 and 7075 [63] that simultaneous straining and 

cathodic charging leads to an increase in dislocation mobility 

and promotion of highly localized ductile fracture. 
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3. Heat treatment experiments. 

3.1 Introduction. 

An aging study of the two alloys tested was not part of 

the research initially. Because all the material received was 

not at the peak aged condition or T8 condition (condition 

required by NASA), aging experiments had to be performed. Two 

different tests were performed, one consisted of testing the 

2090 in the T3 and W51 conditions received from Reynolds 

company, both corresponding to the as-quenched condition with 

a strain of about 2% and an unknown time of artificial aging 

for sheets and plates. The other consisted in evaluating both 

2219 and 2090 alloys, where the heat-treatment condition was 

unknown, by quenching and then aging at different 

temperatures. Microhardness testing was used to evaluate the 

results of the aging experiments. 

3.2 Procedure. 

3.21 Aging study of 2219 and 2090 alloys. 

A mapping of hardness versus time and temperature was 

performed for both 2090 and 2219 alloys. Samples were cut from 

plates into small cubes with sides of about 8 to 10 mn. 
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Following the guidelines proposed by Ed Colvin from ALCOA, 

both samples were solution heat treated at temperatures of 

543°C (1010°F) for 2090 and 435°C (815°F) for 2219 for 1 hour, 

and then quenched in room temperature water. After one week of 

natural aging at room temperature, artificial aging 

experiments were started using an air furnace for temperatures 

ranging from 100°C (212°F) to 250°C (482°F) and for times 

going from 2 minutes to 80 hours. Prior to measuring the 

microhardness, samples were ground using 600 paper grit, and 

polished using diamond paste until reaching lym. 

3.22 Aging study of 2090 T3 and W51. 

The materials received from Reynolds Aluminum Company was 

in the T3 and W51 conditions. It was also cut into small cubes 

of 8 to 10 mm dimension and aged in an air furnace for times 

going from 8 hours to 36 hours. Two conditions were proposed 

by Rick Ashton from Reynolds at temperatures of 149°C (300°F) 

and 190°C (374°F). As found to be non-appropriated by NASA, an 

intermediate temperature was taken at 170°C (338°F) to perform 

the study. The samples were ground and polished using the same 

procedure explained previously, prior to aging. 

3.3 Results and discussion. 
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3.31 Aging study of 2219 and 2090 alloys. 

Figures 10 and 11 show the mapping of the hardness versus 

time and temperature for 2219 and 2090. The times are 

expressed ina logarithm scale and are presented on the bottom 

left of the curve. The temperatures are presented on the 

bottom right of the curve and the microhardness values are on 

the z axis going on the top. These two figures show two peak 

aged conditions for different times. Figure 12 shows these two 

peak aged conditions for 2090 at 250°C which is quite similar 

for both alloys and for all temperatures tested. At first, 

these results seemed strange and new series of tests were then 

conducted for both alloys. For the new tests, the samples were 

polished prior to aging, but the new results showed the same 

effects. For the 2219 alloy, the two peaks appeared for a 

temperature of about 205°C (401°F) and for times of 32 minutes 

and 16 hours and 40 minutes. The valley between these two 

peaks corresponds to a time of about 10 hours. For the 2090, 

it seems that the peak aged condition corresponds to a time of 

80 hours and for a temperature around 205°C (374°F). Another 

peak was found for a temperature of 250°C and for a time of 

3.32 hours. 

To find an answer for the double peak age condition, x- 

ray tests were performed on the 2219 alloy. The alloy was 
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first cut ina nearly 1/2"x1/2"x1/10" square shape then ground 

down to 600 paper grit and diamond polished down to 1 um. This 

operation was performed before the aging sequence to remove 

all the effects of residual stress on the surface of the alloy 

when analyzing it. The samples were then quenched in room 

temperature water after being solutionized at 435°C (815°F) 

for about 1 hour in an air furnace. Three of the four samples 

were aged at a temperature of 205°C (401°F) for 32 minutes, 10 

hours, and 16 hours and 40 minutes as has been described for 

the previous study, after having followed a natural age 

treatment for about 7 days (168 hours) at room temperature. 

Prior to testing, the samples were chemically polished using 

H,SO, to remove impurities and oxide which formed during the 

aging sequence at the surface. 

The x-ray results showed peaks corresponding to the pure 

aluminum matrix but also peaks from the 6' phase. No 

broadening effects were seen in the results for all angles, 

but a shift between the four curves occurred. To measure this 

shift, two curves were used, one corresponding to a low angle 

diffraction where no shift should be noticed between the 

curves and the other one for an high angle diffraction where 

the shift is more visible. Two curves are presented in Figures 

13 and 14 showing the x-ray peaks corresponding to an angle of 

@iffraction of 17.5° and 82°. Measuring the shifts of the 
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curves by taking the as-quenched sample as reference and using 

Bragg's law to calculate the lattice parameter, it was 

possible to notice a small variation in the lattice parameter. 

For the first peak, an increase of 8.9 10° A was determined, 

which went down to 6.4 10“ A for the valley, and goes up again 

to 7.9 10° A for the last peak. This variation in the lattice 

parameter can be explained by the formation of different 

precipitates which are strengthening the alloy. 

3.32 Aging studies of 2090 T3 and W511. 

Aging experiments have also been performed on 2090 T3 and 

W51 received from Reynolds Company. Two aging treatment were 

proposed by Rick Ashton from Reynolds; 12 hours at 190°C 

(374°F) and 36 hours at 149°C (300°F). After a discussion with 

Dennis Dicus from NASA, it appeared than these _ two 

temperatures were no longer used for the aging of 2090 and a 

new temperature of 170°C (338°F) was selected. As previously, 

the samples followed the same preparation, but the 

microhardness tests were performed for aging times of 8, 12, 

16, 20, 24, 28, 32 and 36 hours. The results are shown in 

Figures 15 and 16. As for the previous tests, the double peak 

age condition still appears on both curves. After analyzing 

these results a time of 16 hours at a temperature of 170°C was 
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chosen for the peak-aged condition of both alloys. 

3.4 Conclusions. 

The two alloys 2219 and 2090 showed two peak aged 

conditions which seem to correspond to different precipitation 

sequences in the Al-Li alloys. Prior to mechanical testing, 

both 2090 T3 and 2090 W51 will be aged in an air furnace at 

170°C for 16 hours, which correspond to the peak aged 

condition. 
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4.0 Mechanical tests. 

4.1 Introduction. 

Three different tests were used to evaluate the effect of 

hydrogen on the mechanical behavior of these alloys. These 

tests include Charpy impact, disk rupture an tensile stress 

state tests. The different conditions to be applied included 

varying the temperature (going from low temperature to room 

temperature) and the environment (hydrogen, nitrogen, moist 

air or room atmosphere). 

4.2 Charpy impact tests of 2090 alloy. 

4.21 Procedure. 

All the samples have been cut at a size of 55x10x10 mm 

following the ASTM standard [64] and as shown in Figure 17, 

with a notch of 2 mm depth and a notch root radius of .25 mn, 

obtained directly from the machining operation. All the 

samples have been machined in order to be tested in the four 

orientations; L-T, L-S, T-S and T-L orientations. Heat 

treatments following the guidelines given in Chapter 3 have 

followed the machining operation prior to the tests. The 

impact tests has been performed on a GRC Model 730-I impact 
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test system instrumented with a data acquisition and analysis 

system running on an IBM-PC. This system provides the 

capacity of separating the total impact energy into initiation 

and propagation components. 

To get familiar with the instrumentation and the 2090, 

some preliminary tests were performed for 4 different 

orientations, namely, T-S, T-L, L-T and L-S (Figure 18) and 

also for two different temperatures: 25°C (70°F) and 200°C 

(392°F). The two other orientations, S-T and S-L, were not 

tested due to the low thickness of the material received. 

Tests have been carried out for the T-L and L-T orientations 

for additional temperatures, 25°C, 200°C, 300°C, 350°C, 400°C 

and 500°C. 

4.22 Results and discussion. 

The results of the effect of the orientation are 

presented in Figure 19(a-c). To explain these results, Figures 

20 and 21 show the results obtained by the computer showing 

low and high propagation energy. Figure 19(a) represents the 

initiation energy as a function of the orientation and the 

temperature, 19(b) the propagation energy and 19(c) the total 

energy. The results presented in Figure 19(a) show that the 

energy for crack initiation is virtually the same for all the 
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orientations with a small increase for 200°C. On the contrary, 

many differences can be seen for the propagation energy 

presented in Figure 19(b). The propagation energy of the L-S 

orientation is much greater than for the other orientations, 

with the T-S orientation having a somewhat greater resistance 

than T-L and L-T. The total impact energy, Figure 19(c), is 

shown with the same ranking as shown for propagation. The L-S 

samples did not completely break as shown schematically in 

Figure 22. The failure mode for the T-S orientation was 

similar to that of the L-S samples, but total separation 

occurred. Fracture in both the L-S and T-S orientations 

proceeded by ductile intergranular separation along the short 

transverse plane of the pancake-shaped grains. The failure in 

all cases appeared at the grain boundary creating some 

secondary cracks. In the T-L and L-S orientations, the 

propagation energy is spent by localized deformation of the 

grains by slip at the grain boundary. On the contrary, for the 

other two orientations, the failure occurred the same way, but 

without any observed sliding effect. 

Additional tests have been performed for temperatures 

ranging from 25°C to 500°C using the T-L and L-T orientations. 

The results presented in Figure 23 show a dramatic increase in 

the total impact energy at about 350°C. For the future tests, 

only low temperatures will be used (from -270°C to 50°C). 
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4.23. Summary. 

A wide variation of the total energy of the failure of 

the Charpy samples has been shown for the different 

orientations tested. This variation is due to the energy used 

during the propagation of the failure which corresponds to 

grain boundary sliding effects. This sliding requires more 

energy in the L-S orientation, a small amount in the T-S 

orientation (these two orientations corresponding to grain 

orientations perpendicular to the impact), and was essentially 

nonexistent for the L-T and T-L orientations. 

A transition, in the total energy, was shown for the 2090 

alloy at a temperature of about 350°C. 

4.3 Disk rupture tests. 

4.31 Procedure. 

The disk rupture test is a new type of mechanical test. 

Developed in France by Louis Fidelle [65], a disk rupture 

system was built by John Master [66] at Virginia Tech and some 

tests were performed on this instrument by John Wagner [67]. 

The principal is very simple and a schematic of the 

instrumentation is shown in Figure 24. It consists of a cell 
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shown in Figure 25 where the disk is clamped and stressed by 

fluid pressure applied on one side or on both until disk 

pressure increase continuously, stepwise or is maintained 

constant. The fluid used can be liquid, gas or a mixture. The 

design shown in Figure 25 is only used for gas. Different 

gases can then be applied, hydrogen, oxygen, nitrogen or other 

pure or mixed gases. A system of valves and pressure gauges 

permit the operator to control the pressure in the gas tank 

and the pressure applied on the disk. A vacuum pump had been 

added to the system in order to keep the purity of the gas 

used. A transducer has been installed by James Eaton [68] in 

order to follow the disk displacement during the tests. 

Preliminary tests have been performed on alloy 2090 with 

disk of 4" diameter and 0.035" thick. The disk have been first 

cut into a 2090 T3 sheet before to be machined at the right 

thickness. Following the results obtained in chapter 3 for the 

aging conditions, the disks have been aged for 16 hours at 

170°C in an air furnace prior to testing. These tests have 

been performed to analyze the influence of the strain rate 

(pressure increase vs. time) on the disk under hydrogen and 

nitrogen, and with or without artificial flaws given by 

scratching the surface using 60 grit paper before the tests. 

Three strain rates have been tested: 50psi/20s, 50psi/200s, 

and 50psi/300s, for both nitrogen and hydrogen gases. 
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Following these tests, some problems due to sliding of 

the disk between the clamping ring and the cell, raised a 

doubt in the validity of the results. A new design for the 

testing cell has then been created and is shown in Figure 26. 

Compared to the previous cell, a O-ring has been added to 

deform the disk on its edge preventing sliding effects during 

testing. This deformation has been applied to a diameter of 3 

1/2 inches which represents a distance of 3/4 of an inch from 

the stressed part of the disk or an average of about 15 grains 

for the 2090. 

The new design has been then tested with some extra 2090 

disks at the overaged condition before to duplicate some of 

the previous tests done on the 2090. 

Disks of 2091, received from Pechiney in the T3 

condition, were machined as the 2090 disks. Following the 

guideline given by Michel Doudeau from Pechiney, the disk were 

aged at a temperature of 180°C (356°F) and for a time of 17 

hours to bring them to the peakaged condition. All these disks 

were tested under nitrogen and hydrogen with loading rates of 

50psi/20s and 50psi/200s and at room (25°C) and cryogenic (- 

190°C) temperatures. The real strain rate applied was of about 

50psi/10s followed after each increment of 50 psi by a 

relaxation time of about 10 or 190 seconds to stay in 
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agreement with the loading rate. 

2219 and Weldalite 049 have been received from NASA at 

the peakaged condition, but due to the size of the sheets, 

only 5 disks of each could be machined. Only one test for each 

temperature and under nitrogen was performed to leave three 

disks to be tested under hydrogen. 

4.32 Results and Discussion. 

The results for disk rupture tests of 2090 are presented 

in Table 4. Figure 27 summarizes these results. While the 

pressure of failure stays about constant for all the loading 

rates tested under nitrogen (about 1600 psi +/- 10%), an 

important decrease can be noticed for the tests performed 

under hydrogen. The reduction of the pressure of failure under 

hydrogen compared to nitrogen is of 47%, 30% and 52% for the 

respective loading rates of 50psi/20s, 50Opsi/200s_ and 

50psi/300s. The addition of artificial flaws at the surface of 

the disks tested under hydrogen decreases the pressure of 

failure of about 30% for all the loading rates. These results 

show a big effect of hydrogen on the pressure of failure of 

the 2090 alloy. It can also be noticed that the effect of 

hydrogen is more important for the biggest and the lowest 

loading rates. This can be understood looking at Figure 28. 
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Figure 28 (a) presents the evolution of the displacement at 

the center of the disk as a function of pressure for the 

loading rate of 50psi/20s. The three curves, representing the 

different conditions tested, are exhibiting the same behavior. 

It would mean that, at this rate, hydrogen does not change the 

mechanical behavior of the alloy, but it makes it fail 

earlier. On the contrary, and as it can be seen on Figure 28 

(b) for a loading rate of 50psi/200s, the displacement under 

hydrogen is much higher than the one under nitrogen with more 

than 50% increase. The evolution of the displacement with a 

loading rate of 50psi/300s are giving the same kind of curves 

than for 50psi/200s presented in Figure 28 (b). The addition 

of artificial flaws produced little or no effects on the 

evolution of the displacement for the hydrogen test results. 

It seems that at low loading rates and in presence of 

hydrogen, the elongation is getting bigger. The material is 

then considered to change its mechanical behavior due to the 

addition of hydrogen in it. This variation may be explained by 

the formation of hydrides in the alloy, given by a higher 

diffusion time. 

The earlier disk clamping design shown in Figure 25 

produces three types of fracture on the 2090 tests. These are 

presented in Figure 29. The first one, shown in Figure 29 (a), 

represents a small leak that appeared at the edge of the 
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clamped part of the disk where the deformation was taking 

place. This leak is not longer than .25 inches. The second 

type of failure, shown in Figure 29 (b), represents another 

leak but much longer that the previous one, as it traverses 

about half way around the disk circumference. These two first 

types of leak occurred only under hydrogen environments. It 

has also been noticed than the dome formed did not have its 

maximum displacement in the middle of the disk but on a 

diameter of about 1" and had a symmetry axis perpendicular to 

the rolling direction. For all the tests performed under 

nitrogen, a complete burst appeared as shown in Figure 29 (c). 

The symmetry axis is still perpendicular to the rolling 

direction. But in this case, the fracture seems to propagate 

under the clamping part of the disk due to a slid effect 

during the tests. 

Jean Pierre Fidelle, in one of his studies on the disk 

rupture tests, developed a table corresponding to the fracture 

behavior of the material vs. its ductility [65]. He showed 

that for the most ductile materials, the fracture is occurring 

after a big displacement and is initiating at the top of the 

displacement. On the contrary, for the most brittle materials, 

the fracture is leaving a perfect hole at the circumference of 

the clamping ring. In the present case, and referred to his 
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study, the fracture obtained for the 2090 corresponds to the 

most brittle kind. 

After changing the design of the testing cell, as shown 

in Figure 26, the tests performed on the 2090 in the overaged 

condition produced failure at the periphery of the clamping 

ring, leading to a nearly perfect hole in the middle of the 

disk. A axis of symmetry remained perpendicular to the rolling 

direction and no disk sliding was detected during the test. It 

was then possible to duplicate the tests for the 2090 peakaged 

under hydrogen without artificial flaws for the two stain 

rates of 50psi/20s and 50psi/200s. Even if the failure was 

different (no disk sliding effects), the results obtained from 

these tests were in agreement with those described previously. 

It can be explained by a low fracture toughness of the 

material in the plane tested. As the crack is initiating, the 

propagation is instantaneous. The sliding effect was only 

occurring during the fracture and was not using more energy. 

2091 in the peakaged condition was then tested. Table 5 

shows the results obtained in this case. Figure 30 shows the 

variation of the pressure to failure as a function of the 

environment, for the two strain rates tested: 50psi/20s and 

50psi/200s, and the two temperatures. The evolution of the 

displacement vs. the pressure applied has shown the same 
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effects than for the 2090 alloy: no difference between 

hydrogen and nitrogen at the highest strain rate (50psi/20s) 

and a displacement about 50% bigger for hydrogen than for 

nitrogen with the lowest strain rate. The type of failures 

obtained are also the same that for the 2090 alloy. It can be 

seen on these results that for the two strain rates tested 

under nitrogen and at room temperature, nearly no difference 

are noticed. At room temperature, the effect of hydrogen 

reduces the pressure to failure of 23% and 31% for the 

respective strain rates of 50psi/20s and 50psi/200s, while no 

apparent variation is noticed at cryogenic temperature. This 

is explained due to the fact that at low temperature, the 

diffusion of hydrogen is reduced and it does not have the time 

to react with the materials. 

To complete the study of the disk rupture tests for both 

2219 and 2090 alloys, some fractographies has been performed 

using a scanning electron microscope (SEM). This analysis 

showed at first a great difference between the structure of 

the 2090 and of the 2091. The fractographies made for the 2090 

alloy show the pain-cake shape structure with thin, large 

grains. On the contrary, grains of the 2091 alloys have a more 

regular shape with about the same thickness than length and 

width. Figures 31 and 32 show the difference on these 

structures. For both alloys, and for both gases tested, 
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secondary crack were found in all the directions as shown in 

Figures 33 and 34. It is also important to note that for the 

part of the fracture developed at 45°, and for both alloys, 

the crack followed some kind of steps formed in the rolling 

direction as shown in Figure 35. As noticed for the previous 

tests, the fracture seemed to start parallel to the rolling 

direction and propagate rapidly. For both alloys tested under 

nitrogen, the fracture appeared to be mostly intergranular 

with an estimation of less than 5% of transgranular fracture. 

On the contrary, for the tests performed with hydrogen, these 

fracture are about between 10 and 20% transgranular with an 

highest probability at 45° from the rolling directions. It 

seems that the tortuous crack path and branching occurring at 

the fracture are requiring more propagation energy than 

transgranular fractures. 

For the 2091 fracture, some inclusions or incoherent 

precipitates of about 5 wm diameter have been detected 

represented by the dark spots on Figure 36. 

For all these tests, the fracture seem to start in the 

rolling direction at one end of the disk and then propagate to 

the other end with a symmetrical axis perpendicular to the 

rolling direction. Figure 37 shows the presumed steps of the 

fracture. It can be understood that in the long transverse 
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direction the number of grain boundaries is bigger than in the 

longitudinal direction. As we saw that the fracture is mainly 

intergranular, the probability for it to start is where the 

probability to find grain boundaries is higher. 

As no difference has been seen for the tests performed 

under nitrogen with the 2091 alloy as well as with the 2090 

alloy, only one strain rate has been tested under nitrogen for 

each temperature for both weldalite and 2219. This was 

allowing to test the two loading rates under hydrogen at room 

temperature and the highest loading rate at cryogenic 

temperature. Tables 6 and 7 show the results. Figures 38 and 

39 are representing the bar graph of these results for both 

alloys. A difference of +/- 10% for the nitrogen test at room 

temperature and strain rate of 50psi/20s has been added to the 

graphs. This represents the maximum variation obtained with 

the previous tests. It can be seen that no variations were 

detected with the different condition of tests for the 2219. 

The weldalite shows a light decrease in the pressure to 

failure for the tests performed under hydrogen gas with a low 

strain rate (50psi/200s) and at room temperature, but no 

difference appeared at low temperature between hydrogen and 

nitrogen tests. No tests at low temperature and with a low 

strain rate have been performed. The observations made 

previously for the beginning of the fracture parallel to the 
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rolling direction and the propagation have been still noticed 

for these two alloys. These results are following the previous 

conclusions given for the 2090 and 2091 alloys. 

The fractographies made on both 2219 and Weldalite 049 

are very Similar. Figure 40 show the picture of the presumed 

beginning of the fracture and Figure 41, the end of the 

fracture. It seems that at the beginning of the fracture, a 

process of shearing is occurring. On the contrary, the end is 

more likely to be a brittle fracture occurring at the grain 

boundaries. It was noticed that at the presumed beginning, the 

fracture follows an angle of about 45° growing inside the 

disk. On the other side, the fracture is still at 45° but 

going to the outside of the disk. This can explain the shape 

of the fractography presented in Figure 40 by a wear phenomena 

occurring between the two parts of the disk. A better 

understanding of this phenomena is shown in Figure 42. 

4.33 Summary. 

The fractographies performed showed a intergranular 

fracture for both 2090 and 2091 tested under nitrogen, but 

about 20% of the fracture became transgranular in presence of 

hydrogen. 
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No apparent effect due to hydrogen has been found with 

the 2219 alloy, and only a small effect due to hydrogen has 

been seen with the Weldalite 049 alloy at room temperature and 

with a small strain rate. On the contrary, the behavior of 

both 2090 and 2091 is reduced with the influence of hydrogen 

Comparing all those results, even if the 2090 alloy gave 

the biggest pressure to failure under nitrogen tests, it shows 

catastrophic defects due to hydrogen losing up to 50% of its 

initial behavior. 2091, shows a decrease of about 35% in the 

pressure of failure under hydrogen tests compare with the 

nitrogen tests which are nearly the same results that the one 

obtained for 2219. Nearly no effect due to hydrogen has been 

found in the Weldalite 049 alloy and no effects on the 2219, 

for the disk rupture tests. 

4.4 Conclusion. 

The Charpy impact tests shown a wide variation on the 

total energy of the failure for the different orientations 

tested. This variation has been caused by the propagation 

energy which has been used for the slipping effect of the 2090 

alloy. It also shown a transition in the total energy required 

for the failure at a temperature of 350°C. 
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The disk rupture tests shown a hydrogen embrittlement 

effect for both 2090 and 2091 at room temperature, while no 

effect was found at cryogenic temperature. A reduction in the 

pressure of failure for these two alloys, of about 50% or less 

has been noticed at room temperature. The fracture in presence 

of hydrogen became about 20% transgranular, compared to nearly 

all intergranular with nitrogen. For the Weldalite 049 alloy, 

the difference seen with hydrogen, compared to nitrogen, is no 

more than 15% at room temperature, while no difference 

appeared at low temperature. No effect has been noticed with 

the 2219 alloy. 
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5. Conclusion. 

The aging sequence of both 2219 and 2090 show a double 

peak aged condition explained by different precipitation 

occurring in the alloys. The time required to bring up the 

2090 T3 and W51 alloys to the peak aged condition corresponds 

to 16 hours at a temperature of 170°C. These two alloys also 

gave the double peak condition. 

The disk rupture tests have shown a dramatic effect due 

to hydrogen during the experiments for both 2090 and 2219 at 

room temperature, while no difference appeared at cryogenic 

temperature. For these two alloys, hydrogen was increasing the 

amount of transgranular fracture from nearly 0% under nitrogen 

testing to about 20% under hydrogen. No or nearly no effects 

of hydrogen was noticed for Weldalite 049 and 2219 alloys. 

The possibilities of replacing 2219 by a Al-Li alloy does 

not give any doubt for the Weldalite 049, while more studies 

will be needed to simulate the real conditions of a hydrogen 

tank to evaluate 2090 and 2091. 
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6. Proposal for further work. 

6.1 Disk rupture instrumentation. 

To get more accurate results, it should be interesting to 

equip the instrument with a controller which would increase 

the pressure in the test cell at a constant rate. This 

controller would have to cut automatically the pressure while 

a leak would have been detected or a disk would have been 

broken. 

The installation of an optical transducer, with the 

possibility to analyze the deformation of the disk in several 

points should increase the possibilities of the instrument. 

Also a new design for the protection of the operator 

would have to be studied. 

6.2 Hydrogen tests. 

To compare results from the disk rupture experiments, it 

would be interesting to equip the MTS machine with a chamber 

in which it will be possible to put gases at different 

pressures (up to 200 psi for example) to test tensile specimen 

with different strain rates. 

54



Charged samples has not been studied in this work, and it 

should be interesting to evaluate the difference in mechanical 

behavior with uncharged samples. 
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Table I: Composition (in wt%) of the most used Al-Li alloys 
registered with the Aluminum Association as of March 1988. 
eee 

Element 2090 2091 8090 8091 2219 Weldalite 

Si 0.10 0.20 0.20 0.30 -— -- 
Fe 0.12 0.30 0.30 0.50 -- -- 

Cu 2.60 2.30 1.30 2.00 6.30 6.10 

Mn 0.05 0.10 0.10 0.10 0.30 —— 

Mg 0.25 1.50 1.00 0.80 -— 0.40 
cr 0.05 0.10 0.10 0.10 -- -- 

an 0.10 0.25 0.25 0.25 -- -- 

Ti 0.15 0.10 0.10 0.10 -- -— 

Li 2.35 2.00 2.50 2.60 -- 1.20 
2r 0.10 0.10 0.10 0.12 0.18 0.15 

Ag -- -- -- -- -- 0.40 
Other: 

each 0.05 0.05 0.05 0.05 0.10 0.10 

total 0.15 0.15 0.15 0.15 0.25 0.25 

Values given in bold correspond to a maximum, the other 
are an average corresponding to typical values. 
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Table II: Electrode potentials of 
different elements. From [46] 

ee 

  

Electrode Reaction én 

Acid Solutions 
Li=Li* +e 3.045 
K=K’ +e 2.925 
Cs=Cs’ +e 2.923 
Ba = Ba™* + 2e 2.90 
Ca=Ca™ + 2e 2.87 

Na = Na’ +¢ 2.714 
Mg = Mg** + 2e 2.37 

H-= +H, +e 2.25 
Al= Al + 3e 1.66 

Zn = Zn** + 2e 0.763 

Fe = Fe” + 2e 0.440 

cr*=cr* +e 0.41 
Cd = Cd** + 2e 0.403 

Sn = Sn** + 2e 0.136 
Pb = Pb*’ + 2e 0.126 
Fe = Fe + 3e 0.036 

D, = 2D* +2e 0.0034 
H, = 2H’ + 2e 0.000 
H,S=S + 2H* +2e —0.141 
Sn* = Sn** + 2e —0.15 

Cu’ =Cu™* +e —0.153 

28,0," =S,0," + 2e —0.17 
Fe(CN), -* = Fe(CN), -? +e —0.36 
Cu=Cu™ + 2e —0.337 

2I-=1, + 2¢ —0.5355 
Fe” = Fe’ +6 —0.771 

Ag=Ag' +e —0.7991 
Hg = Hg™ + 2e —0.854 
Hg,” = 2 Hg** + 2e —0.92 
2 Br-= Br, () + 2e —1.0652 
Mn* +2H,O=MnO, +4H* + 2e ~1.23 
2Cr°* +7H,O=Cr, 0,7 + 14H’ + 6¢e —1.33 
Cl-= 1Cl, +e —1.3595 
Ce*? =Ce** +e —1.61 
Co** = Co’ +e —1.82 

2$0,° =S,0,* + 2e —1.98 
2F-=F, + 2e —2.65 

Basic Solutions 

2 OH” + Ca = Ca(OH), + 2e 3.03 
3 OH~+ Cr=Cr(OH), + 3e 1.3 
40OH~+ Zn = ZnO,* + 2H,O + 2e 1.216 
2 OH” + Cn"= CNO- + H,O + 2e 0.97 

2 OH” + SO," = SO,* + H,O + 2e 0.93 

H, + 2 OH" =2H,0 + 2e 0.828 
2 OH" + Ni = Ni(OH), + 2e 0.72 
OH" + Fe(OH), = Fe(OH), +e 0.56 

0, +2 OH"=O0, +H,O + 2e ~1.24 
 



Table III: Electrode potential of aluminum and some of its 
components. From [47]. 

Caen eee e eee 

  

  

  

Solid solution Potential, Solid solution Potential, 
or constituent v(a) or constituent v(a) 

MgAls............2206- —1.24 99.95 Al...........08. —Q.85 
Al + 4 MgZn.(b)....... —1.07 | Al+1Mg.Si(b)....... —0.83 
Al + 4 Zn(b)........... —1.05 Al +1 Si(b).......... —0.81 
MgZm............-.00- —1.05 | Al+2Cu(b)..........—0.75 
CuMgAl............... —1.00 CuAl,................ —0.73 
Al + 1 Zn(b)........... —0.96 Al + 4 Cu(b)......... — 0.69 
Al + 7 Mg(b).......... —0.89 FeAls...... 0.0.00 00 — 0.56 
Al + 5 Mg(b).......... —0.88 NiAls..............0.. —0.52 
Al + 3 Mg(b).......... —0.87 S) —0.26 

MnAlk................. —Q.85 

(a) 0.1N calomel scale, measured in an aqueous solution of 53 g per 
een _y 6th om wea Th -2 OF MM fL4 AL 3 wan lecdz nm 

liter NaCl + 3 g per liter H,O, at 25 C. (b) Solid solution. 
  

Cee 
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Table IV: Results of the disk rupture tests of the 2090 alloy. 

  

  

  

  

  

  

  

    

Nitrogen Hydrogen 
Strain Rate 

Def.* Press. ** Def. Press 

50 psi/20 sec 0.22" 1.6 0.16" 0.85 

50 psi/200 sec 0.19" 1.65 0.19" 1.15 

50 psi/300 sec 0.18" 1.45 0.14" 0.7 

50 psi/20 sec ===== ===== 0.15" 0.6 
(60 grit) 

50 psi/200 sec ===== ===== 0.18" 0.8 
(60 grit) 

50 psi/300 sec ===== ====5 0.13" 0.6 
(60 grit)           
  

* Def. represents the deformation in inches at the top of 
the dome at failure 

** Press. represents the burst or failure pressure in ksi 
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Table V: Results for the 2091 disk rupture specimens. 

  

  

  

  

  

  

  

  

Nitrogen Hydrogen 
Strain rates 

Def.* Press. ** Def. Press. 

50 psi/20 sec 0.25" 11.35 0.17" 1.10 
RT 

50 psi/20 sec 0.23" 1.25 0.16" 1.00 
(duplicate) RT 

50 psi/200 sec 0.24" 1.35 0.20" 0.90 

RT 

50 psi/200 sec 0.25" 1.30 0.21" 0.85 

(duplicate) RT 

50 psi/20 sec 0.22" 1.25 0.23" 1.30 

LN2 

50 psi/20 sec 0.23" 1.30 0.22" 1.35 
(duplicate) LN2               
Def represents the deformation of the dome of the 

disk at failure, in inches. 

** Press. represents the burst or failure pressure in 
ksi. 

RT represents the tests performed at room temperature. 

LN2 represents the tests performed at cryogenic 
temperature. 
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Table VI: Results of the disk rupture tests for the 2219 
alloy. 
ee 

  

  

  

  

  

Nitrogen Hydrogen 
Strain Rate 

Def.* Press. ** Def. Press 

50psi/20s 0.14" 1.25 0.13" 1.30 
RT 

50psi/200s === ===== 0.13" 1.25 
RT 

50psi/20s 0.14" 1.30 0.13" 1.25 
LN2               

* Def. is the deformation of the dome ,in inches, at 
failure. 

** Press. is the burst or failure pressure in ksi 

RT represents the tests performed at room temperature. 

ILN2 represents the tests performed at cryogenic 
temperature. 
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Table VII: Results of the disk rupture tests for the 
Weldalite 049 alloy. 

ee 

  

  

  

  

  

Nitrogen Hydrogen 
Strain Rate 

Def. * Press.** Def. Press 

50psi/20s 0.10" 1.30 0.12" 1.20 

RT 

50psi/200s ===== ===== 0.11" 1.10 
RT 

50psi/20s 0.12" 1.35 0.12" 1.35 
LN2               
* Def. is the deformation of the dome ,in inches, at 

failure. 

** Press. is the burst or failure pressure in ksi 

RT represents the tests performed at room temperature. 

IN2 represents the tests performed at cryogenic 
temperature. 
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     1) 
COMPOSITION —- 

Figure 1: Phase diagram of a hypothetical system A-B 
showing the temperature range of solution and 
precipitation heat treatment. 
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© New Alcoa, Aican, Pechiney Alloys introduced 

© Unprecedented Expansion of R&D Activities 

© NawylAloos ingot Al-Li Casting and Alloy Development 

» APWALJBoeing P/M At-Li Alloy Development 
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* DARDAIAFWALAockheed, PAM F&O ——————\_ 1902 

© Navy Reyneide, A-Li vd A & 

* NewiAlcoa AHL Fracture Tough Studies 1978 

* Withdrawal of 2020 1976 
+ MavylAlcoa, Al-Mig-L) Alley Development 

© Fulmer Research inat., patent on AbMg-Li Alloy 1074 

« Fulmer Research inet.. RBD studies began on A-Mg-L alloys 1972 

© Soviet Paient on Al-Mg-Li Alloy 01420 1071 

® Soviet Studies on A-Gu-L-Mn-Ca Alloys, 1008 

W089 imrociced 1960's 

4958 ee « Soviet Reports on Al Mg-U esearch 

© introduction of %2020 (Aicos), Use on RASC Vigilante 

wer « Patent, Muting AHL Alloys (Pechiney) 

me Phase Diagram Studies on At-Li Aiioys (Greet Britain) 

1827 
1924 U.S. Patert Application AlCu-Li-X Alloys (Aicoa/Ls Baron) 

2 U.S. Patents, ALL Alloys (Ab < 40% Li & Ab < 0.5% Li) 

Senak Amounts of Li Added to Al-Zn-Cu Alloys (Germany)       

Figure 2: History of Al-Li alloys, from [2]. 
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Figure 3: Phase diagram of Al-Li binary system from [17]. 
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Figure 5: Effect of alloying elements on the 
density of Al-Li alloys. From [35]. The right 
scale represents the density of the alloy, and 
the left scale corresponds to the difference 
of density, in %, from the aluminum density. 
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Figure 6: Galvanic corrosion schematic between zinc 
(anode) and platinum (cathode) in a HCl solution. From 
[48]. 
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Figure 7: Schematic of the autocatalytic evolution of 
pit. From [50]. 
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temperature obtained for the 2090 alloy at 250°C. 
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Figure 13: X-ray results corresponding to a low angle peak 
for the 2219 alloy. 
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Figure 14: X-ray results corresponding to a high angle 

peak for the 2219 alloy. 

76



  

Times in hours 8 12 16 20 24 28 32 36 

i735 T T ¥ I ] a   

  Oo mn
 T 

155 

  145 

  

    e
n
e
w
a
o
e
r
 Gg

 
v
w
e
m
e
r
P
a
r
A
w
r
o
n
r
a
—
—
 

  

135 i | } J | 1 | { j 

20 2.6 2.7 2.8 29 3 3.1 3.2 3.3 3.4 3.5 

Log (time in minutes) 

© Maximum  -— Average * Minimum       
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Figure 17: Dimension of the Charpy impact samples. 
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Figure 18: Labelling scheme for specimen orientation. 
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Figure 18: Labelling scheme for specimen orientation. 
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Figure 19 (a): 

alloy. 

Effect of the notch orientation on the 
initiation energy of the Charpy impact test for the 2090 
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Figure 19 (b): 

alloy. 

Effect of the notch orientation on the 
propagation energy of the Charpy impact test for the 2090 
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Figure 19 (c): 
total energy of the Charpy impact test for the 2090 alloy. 
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Figure 20: Curve of a Charpy test showing a _ low 
propagation energy for the 2090 alloy. 
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Figure 22: Schematic representation of failure modes for 
the Charpy impact specimens for the 2090 alloy. 
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Figure 24: Schematic of the disk rupture instrumentation. 
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Figure 25: Schematic of the disk rupture cell. 
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Figure 26: New design of the testing cell. 
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Figure 29: Different failures obtained by 
the disk rupture tests. 
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Figure 30: Results for the 2091 disk rupture specimens.



  
Figure 31: Fracture surface of 2091 disk rupture 
specimen tested in nitrogen at a rate of 50psi/20s. 
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Figure 32: Fracture surface of 2090 disk rupture 
specimen tested in nitrogen at a rate of 50psi/20s. 
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Figure 33: Fracture surface of 2090 disk rupture 

specimen tested in nitrogen at a rate of 50psi/20s 
presenting a secondary crack. 
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Figure 34: Fracture surface of 2091 disk rupture 
specimen tested in nitrogen at a rate of 50psi/20s 
presenting a secondary crack. 
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  Figure 35: Fracture surface of 2091 disk rupture 

specimen tested in hydrogen at a rate of 50psi/20s 
presenting a step at an angle of 45° from the 

rolling direction. 
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Figure 36: Presume inclusion or incoherent 
precipitate found at the fracture surface of 2091 
specimens. 
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Figure 37: 
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Schematic of the presumed failure of all 
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Figure 38: Results for the 2219 disks rupture specimens. 
The two lines represent the possible variation measured on 
the nitrogen test with a strain rate of 50psi/20s at room 
temperature. 
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Figure 39: Results for the Weldalite 049 disk rupture 
specimens. The two lines represent the possible variation 
on the measured pressure for nitrogen at a rate of 
50psi/20s at room temperature. 
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Figure 40: Fracture surface of 2219 tested in 
nitrogen at a rate of 50psi/20s at room temperature 
presenting the presumed beginning of the fracture. 
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Figure 41: Fracture surface of 2219 tested in 

nitrogen at a rate of 50psi/20s at room temperature 
presenting the presumed end of the fracture. 
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8 Appendix 

Corrosion and hydrogen charging of 2219 and 2090 

1 Introduction. 

Independent studies were performed on the possibilities 

of charging the 2090 and 2219 in hydrogen by electrolyte. 

Before charging the samples in hydrogen, it was important 

to understand the corrosion mechanisms and behavior of both 

alloys. Corrosion experiments were performed such as 

potentiodynamic or polarization resistance tests in different 

aqueous solutions and at different pH values. Once the 

corrosion behavior of these alloys was understood, several 

potentiostatic and galvanostatic tests were conducted for 

different aqueous solutions, different pH values and for 

various times. Roughness analysis, via a non-contact optical 

profiler, was used to determine the surface changed due to 

corrosion for all these tests. Then SIMS was used to determine 

the hydrogen content for the tests given the fewest damages 

for the longest time. 

2 Preparation and material. 
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Specimens from both 2090 and 2219 alloys were sectioned 

into squares with lengths of about 10 mm and mounted in 

Bakelite powder. Holes were drilled to allow for an electrical 

lead to be attached to the metal. The samples were polished 

successively using 320, 400, and 600 grit paper and finished 

using diamond paste down to lym. A photograph of the sample 

ready to use is shown in Figure 1. The principal behind this 

corrosion sample is to have one side facing the corroding 

environment without affecting the other sides. This was 

important in order to know the real area involved during the 

tests and to avoid the angle effects at the edges of the 

sample. The electrical lead was protected using epoxy glue. 

This was done to avoid other corrosion during the tests, such 

as galvanic corrosion between the lead and the aluminum alloy 

specimen. 

This particular sample design has been used to perform 

the tests using an electrochemical technique as proposed by 

Dull and Raymond [1]. Figure 2 shows a schematic of the 

electric cell including a _ saturated calomel reference 

electrode (SCE), a counter electrode made of platinum, and the 

working electrode which is the sample to be tested. The 

counter electrode is made of a noble metal which does not 

react in the aqueous environment. It is used to measure the 

current flowing from or to the working electrode. Since it is 
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not reacting, the current measured will correspond to the real 

current of corrosion applied on the sample. A bridge, made 

with KCl in a glass tube and with a luggin probe at its end, 

has been added to the reference electrode to protect it 

against contamination during testing. The reference electrode 

is used to measure the voltage applied to the working 

electrode. All these electrodes had been connected to a 

potentiostat/galvanostat (EG&G Model 273) as shown in Figure 

3. The electrometer is used to transfer the electrical 

information to the potentiostat/galvanostat as an amplifier in 

order to detect currents in the order of several nanoamps. An 

IBM/PC is connected to the potentiostat/galvanostat, to 

control it and also to receive and analyze all the data 

measured. All this information can also be printed on a single 

printer plugged to the computer. To control the 

potentiostat/galvanostat, the computer is equipped with a 

GPIB~-PC IEEE-488 instrumentation interface and run under M342C 

software distributed by EG&G. This instrumentation allows to 

perform several corrosion tests. The ones used to evaluate the 

charging parameter were: potentiodynamic, where the potential 

is increasing or decreasing and the current is measured, 

potentiostatic, where at a constant potential, the current is 

measured, cyclic polarization, where the potential increases 

and then decreases to measure the different Ecorr before and 

after a surface damage, and galvanostatic, where the current 
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is maintain constant to measure the potential. 

To evaluate the change of the surface during the charging 

experiments, a three-dimensional non-contact optical profiler, 

made by WIKO incorporation, was used. The schematic of this 

instrumentation is shown in Figure 4. It consists of a 

microscope with a light source of 40 nm bandwidth, centered at 

a wavelength of 650 nm, a two-beam Mirau interferometer where 

the reference surface is mounted on a piezoelectric transducer 

(PZT) to keep a constant velocity of the reference surface, 

and a 384x244 pixel charge-injection-device (CID) image 

sensor. All the information is received by a desktop computer 

via a HPIB IEEE488 parallel interface. The magnification used 

was x10 which allows one to observe an area of 1x1 mm and 

gives precision of 19.1 nm for the measurement of RMS, which 

corresponds to the mean square of the surface profile. 

To estimate the amount of hydrogen in the samples, 

secondary ion mass spectroscopy (SIMS) analysis has been 

performed in the Chemistry Department of Virginia Tech and at 

the High Temperature Materials Laboratory of the Oak Ridge 

National Laboratory. 

3 Procedure. 
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1 Preliminary tests 

Several potentiostatic and potentiodynamic tests were 

performed on both alloys, 2219 and 2090, and for different 

aqueous solutions varying the pH. These tests were done in tap 

water with or without salt to simulate sea water, and after in 

deionized water with HCl or NaOH to vary the pH. They were 

conducted to determine the corrosion behavior of both alloys 

under different environments. Also polarization resistance 

experiments were done for the different aqueous solutions and 

for the three orientations of the alloys. 

2 Choice of the charging experiment parameters. 

Following the preliminary tests, charging experiments 

were performed using galvanostatic or potentiostatic tests for 

times ranging from 30 minutes to 10 hours. The samples were 

prepared as explained previously and 5 solutions composed of 

HCl or NaOH with As,03;, acting as a recombination poison for 

hydrogen, were evaluated: 

- 0.04 N of HCl for a potentiostatic experiment at -3V. 

- 0.04 N of HCl plus As,0; for a potentiostatic experiment 

at -3 Volts [2]. 

- 0.1 N of NaOH plus As,0; for a potentiostatic experiment 
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at -3 Volts [3]. 

- 0.04 N HCl plus As,0; for a galvanostatic experiment at 

-500 wAmps [2]. 

-~ 0.04 N HCl plus As,03; for a galvanostatic experiment at 

-5000 wAmps [2]. 

Since the corrosion potential of the alloys was about - 

700 mV SCE, these experiments correspond to charging with a 

cathodic overpotential of about 2300 mV for the potentiostatic 

experiments and of about 1000 and 2300 mV for the two 

galvanostatic experiments. In parallel with these charging 

tests, the three-dimensional non-contact profiler was used to 

determine the change in the surface roughness before and after 

the tests. When the best condition for each test had been 

found, the samples were analyzed via SIMS to determine the 

hydrogen content. On the first time, a phi SIMS had been used 

on campus at the Chemistry Department for a voltage of 4 keV 

and a current of 5 wA. Several problems occurred at this time. 

As hydrogen is the lightest element, it becomes difficult to 

analyze, and due to background at the beginning of each 

analysis, the results were not conclusive. More work has been 

performed at the High Temperature Materials Laboratory (HTML) 

at the Oak Ridge National Laboratory on a VG Scientific SIMS. 

The instrument was equipped with a gallium gun used as primary 
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beam. The tests were first performed at a voltage of 25 kev 

under a current of 5 nA but due to background noise in the 

results, the current was increased to 10 nA which proceed to 

be satisfactory. 

4 Results and discussion. 

1 Potentiodynamic tests. 

Samples of both alloys, 2219 and 2090, were initially 

tested under a solution of tap water with a small amount of 

NaCl to simulate sea water and with a small amount of pure HCl 

added to vary the pH. These tests were performed over a range 

of potentials from Ecorr-1000 to Ecorr+750 mV. The scan rate 

used was 3 mV/s and the pH tested ranged from 1 to 7. For both 

alloys, a variation on Ecorr was seen for different pH. It 

appeared that this variation was linear, and can be 

represented as a function of the pH as shown in equation (1): 

Heorr (BV/ SCH )--54U -/7 . 7 PH (1) 

This equation represents the evolution of Ecorr for the 

2090 alloy. For the 2219 alloy, only the constant parameter 

changed and was -563 mV instead of -540. This equation can be 

compared with the one given by Schnuriger et al [4] to 
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determine the pit generation function (Ep) as a function of 

chloride ions concentration: 

Ep (mV/ SCE )--740 -64 log ([ C1-]) (2) 

As further investigations were performed on the two 

alloys, the variation of Ecorr as a function of pH tend to 

disappear. This is due to the addition of salt to the solution 

which acted as a catalyst and favored the generation of pits. 

Also the beginning of the experiment was far from the rest 

value of Ecorr, and during the part of the test in the 

cathodic region, pits were generated at the surface, changing 

its characteristics and changing the value of Ecorr. 

Figure 5 represents a typical potentiodynamic curve. This 

curve was obtained for a 2090 sample with a 600 grit surface 

finish, tested in tap water. The surface tested corresponds to 

a cross section taken in the longitudinal-short transverse 

direction. Figure 6 shows the different orientations tested. 

In Figure 5, Ecorr can be easily determined with a value of - 

585.12 mV, SCE, as well as Epass where the passive region 

stopped with a value of +250 mV. All these tests were 

performed on the 2090 alloy with three different aqueous 

solutions, namely, tap water, tap water plus NaOH with a pH of 

about 12.0, and tap water plus HCl with a pH of about 1.4. 
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Three different surface finishes were also tested, 60 grit, 

600 grit, and 1 wm diamond paste. Each test used a scan rate 

of 1 mV/s with a starting cathodic overpotential of 250 mv, 

and a final potential of +1600 mV, SCE. Prior to testing, an 

initial delay of 60 s was used to evaluate Ecorr. The results 

are listed in Table 1 and shown in Figure 7-9. Table 1 is 

listing the results for Ecorr, Icorr, the corrosion rate and 

the polarization resistance. Figure 7 represents the effects 

of the surface finish and pH on Ecorr for the (a) L-T, (b) L- 

S, (c) T-S orientations. It can be seen that basic solution 

(pH=12) gives more negative potential in all cases. For a 

finish of 60 grit, the neutral (pH=7) solution gives a lower 

potential than the acidic (pH=1.4) solution, which is also 

notice for the 600 grit finish in the T-S orientation. On the 

others cases, the neutral and acidic solutions gives about the 

same results. The big difference in the results between the 

basic and the other solutions can be explained by the 

instability of the oxide layer under basic environments. The 

oxygen ions at the surface of the sample tend to break down 

their bond with the aluminum to form water molecules with the 

excess of OH in the solution. The alloy losing then its 

protective oxide layer is more reactive and susceptible to 

general corrosion. This remark was confirmed during the tests; 

general corrosion was observed to develop at the surface of 
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the alloy in the basic solution. On the contrary, only pits 

have been found after testing in the neutral and acidic 

environments. Under these two environments, it has been 

observed that the development of the pits was promoted at the 

grain boundaries and at the scratches obtained at the surface 

by the surface polishing. This may explain more dispersions in 

the results obtained for the 60 grit finish and also for the 

T-S orientation were the probability to find grain boundaries 

is higher. 

Figure 8 represents the effects of the pH and surface 

finish on Ecorr for the (a) L-T, (b) L-S, (c) T-S 

orientations. The same remarks can be made. The value of Ecorr 

is much lower for the basic solution than for the neutral and 

acidic environment. All the surface finishes give about the 

same values for Ecorr and in the same environment while some 

variations may be seen for the 600 and 60 grit finished as it 

has been explained before. 

Figure 9 represents the effects of the pH and 

orientations tested on Ecorr for the (a) 1 micron, (b) 600 

grit, (c) 60 grit finishes. No variation on the Ecorr values 

can be seen for all the different orientation tested under 1 

micron finish, while small differences are noticed under the 

60 and 600 grit finish. This confirm the remarks made 
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previously. 

Further remarks can be done looking at these results. The 

corrosion rates found are higher for acidic and basic 

environments than for the neutral solution. The simplest way 

to explain this corresponds to the fact that for the neutral 

environment, the solution is not or remotely conductive 

compared to the two other solutions. In the conductive 

solutions (acidic and basic), lots of ions are saturating the 

solution and permitting an electrical exchange between the 

electrodes in solution (the sample and the counter electrode). 

The results for the polarization resistance and the values of 

Icorr are in agreement with this assumptions. 

Also, by analyzing the curves obtained for all these 

tests, it shows that the values of Epass stayed nearly the 

same and equal to +250 mV for all the condition tested in 

neutral environment, while no passive region was found for the 

acidic and basic environments. 

Some experiments on the 2219 alloy were also performed, 

but giving the same conclusion, these tests have been stopped. 

To get a better understanding of these effects, cyclic 

polarization experiments were performed on the 2090 alloy. 
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These tests were conducted with a potential starting at -100 

mV versus Ecorr, a reverse potential at +2000 mV and stopped 

at the value of Ecorr, under a scan rate of 5 mV/s. Figure 10 

shows a typical curve of this experiment performed in tap 

water with a surface finish of 600 grit. Three things can be 

seen in this curve: 

- Ecorr which corresponds to the lowest peak, 

- the passive region 

- E'corr which is the second peak and represents the new 

corrosion potential due to surface change that occurs. 

No effect due to orientation or surface finish has been found. 

On the other hand, the difference between E'corr and Ecorr are 

much bigger for the high and low pH environments than for 

neutral solution. This is explained by the fact that the 

evolution of pits or surface damage occurs at a lower rate 

under neutral solution than under the more conductive 

environments. These cyclic polarization experiments confirm 

and support the previous potentiodynamic experiments. 

2 Charging experiments. 

After obtaining the results from the potentiodynamic 

tests, it was possible to start the charging experiments. The 

first experiments were performed in HCl solutions with pH 

ranging from 1 to 4 and with a cathodic overpotential of 300 
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mV. However, due to a rapid development of corrosion at the 

surface of the samples, these tests had been stopped. Three 

additional charging conditions were then evaluated. The first 

one consisted of charging in a 0.04 N HCl solution with 

deionized water and using a potential of -3V, which 

corresponds to a cathodic overpotential of about -2400 mV. 

This solution gave less damage than previous tests but small 

pits were generated at the surface. As,0; has then been added 

to the solution to act as a recombination poison. This seemed 

to reduce much of the damage and pits started to form only 

after about 10 hours of charging. 0.1 N of NaOH combined with 

a small amount of As,0; was also tested. Figures 11 and 12 show 

the evolution of the pH and current for a test in HCl plus 

As,03; for 24 hours. The increase in pH is explained by the loss 

of hydrogen ions in the solution which are being changed to 

hydrogen atoms at the surface of the sample. Some of them are 

expected to diffuse inside the lattice. Due to the loss of 

hydrogen ions in the solution, the conductivity decreases, 

increasing the resistivity of the solution, and for a constant 

potential, the current thus decreases. This can explain the 

relation between these two curves. It can also be noticed that 

after 20,000 seconds (about 5 1/2 hours), the change tends to 

become linear. This observation has also been made for the 

2090 alloy and evolution of the pH and the current as a 
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function of time can be described as: 

2,500 <t¢(s)<20 ,000 ;7T(yuA/cm?)-68 , 210 -3.41t¢C5) (3) 

t(s)>20 ,000 : TC pA/cm2)-44 , 210 -0. 496 t(s) (4) 

for the 2219 alloy and 

t>4,680 :;:7TCpaA/cm?)-46 ,218 -0. 266 t(s) (5) 

for the 2090. For the 2090, no linear relation has been found 

for the first part of the curve. The change in the slope 

occurs at a time where the pits were starting to develop at 

the surface. By adding some As20; to the solution, the pits 

developed after a longer time, but the three equations found 

previously remained the same, only the transition time was 

changed. 

Figures 13 and 14 show the typical results obtained using 

the three dimensional non-contact profiler before and after 

the charging test. In both of these figures, (a) shows the 

two-dimensional plot of the surface and (b) shows the three- 

dimensional representation of the roughness. It is important 

to note that the three-dimensional curve is inverted to more 

easily show all pits and damages that have been created at the 
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surface. Table 2 shows the results of the surface variation 

for the three first solutions tested. It can be seen that the 

solution made of NaOH plus As,03; produced much damage on the 

surface of both alloys, even for short times. On the contrary, 

the damage which occurs in HCl solutions has been decreased by 

the addition of As,0;. A charging time of 10 hours is possible 

to use for these two solutions. 

Two other experiments were performed, but the roughness 

analysis was only performed after 20 hours of test when no 

apparent pits were found. These two tests were performed to 

evaluate the effect oof charging under’ galvanostatic 

experiments and with two different currents applied: -500 

mA/cm* and -5000 mA/cm,. After having found the best charging 

parameters for each aqueous solution tested, the samples were 

analyzed via SIMS in order to quantify the hydrogen content. 

Figure 15 shows the kind of spectra obtained for atomic 

mass under 10 amu, and Figure 16 shows a profile obtained. In 

Figure 15, the first peak was obtained for an atomic mass of 

about 1.5 amu, which does not correspond to any element of the 

periodic table. It has then been suspected that this peak 

corresponds to the hydrogen peak shifted due to the background 

found at the beginning of the curve. Two other peaks were 
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found for 6 and 7 amu. The peak at 7 amu corresponds to 

lithium. The peak found at 6 amu matched an isotope of 

lithiun, Li®. This isotope is found in the nature on an amount 

of 7.5% compared to the regular lithium. For the profile, the 

two curves correspond to the aluminum, 27 amu, and the 

hydrogen peak, 1 amu. The sputtering time is expressed in 

minutes and can be transformed in depth by multiplying it by 

20 A which corresponds to the sputtering rate of the 

instrumentation used (20 A/min). In this curve, not a lot of 

variation on the hydrogen content is seen inside the sample 

but aluminum has been lost at the surface. These two curves 

correspond to the sample of 2090 treated for 5 hours under Hcl 

+ As,03; at a constant potential of -3 Volts. For all the 

samples analyzed with the SIMS, an uncharged sample was used 

as a reference in order to measure the difference in counts 

per second with the charged sample. 

Table 3 summarizes the results of the SIMS analysis and 

also the variation in roughness at the surface. Only four 

solutions were tested due to the fact that without arsenic 

trioxide, the surface corroded too rapidly. The conversion 

from the difference in counts per second to hydrogen content 

has not been performed due to the difficulties in analyzing 

the hydrogen. Based on these results, only two charging 
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conditions were evaluated at the Oak Ridge National 

Laboratory: galvanostatic in 0.04 N HCl + As,03; in deionized 

water at a current of -500uA/cm for 20 hours, and 

potentiostatic in the same aqueous solution at -3V for 5 

hours. 

After preparation of the three samples for each alloy 

(one uncharged and the two others charged with the solutions 

described above), SIMS analysis was performed at the HTML of 

Oak Ridge. The results for the hydrogen profiles for both 2090 

and 2219 are presented in Figures 17 and 18. To get a better 

understanding of the profiles, the y-axis represents the 

counts per second normalized with the background. The 

sputtering rate can be determined from the sputtering time by 

multiplying it by a coefficient of 7.63A/s. This coefficient 

is the average of all the depth prints obtained during the 

SIMS measurements divided by the time exposed. The depth 

prints were measured using an optical microscope at a high 

magnification. This corresponds to the displacement of the 

sample with respect to the lens to get good contrast on the 

top and bottom of the prints. It has been noticed, using the 

SIMS, that the depth of the oxide layer at the surface of each 

samples was in an average of 250 A for the 2090 and 150 A for 

the 2219. 
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As is shown in the two curves, the evolution of hydrogen 

seems to be the same for both alloys. The results do show that 

the 2219 alloy is able to receive more hydrogen than the 2090, 

with 21 times the background at the surface for the 

potentiostatic curve instead of 13, and 7.2 times the 

background for the galvanostatic curve instead of 3. 

Otherwise, the depth of penetration is about the same: about 

4580 A for the galvanostatic tests and 1500 A for the 

potentiodynamic tests. The galvanostatic test gives less 

hydrogen at the surface than the potentiostatic curve, but it 

goes deeper into the sample. This fact can be explained by 

looking at the potentiodynamic curve presented in Figure 8 

from the literature review, where a current of 500 A/cm 

corresponds to a voltage of -1.5V which gives a lower cathodic 

overpotential during charging. As the driving force of 

electrons applied is smaller, fewer hydrogen atoms are forming 

at the surface of the sample, explaining the differences at 

the beginning of the curves. But as the time taken to perform 

the test is much longer for the galvanostatic test than for 

the potentiostatic test, hydrogen atoms have the time to 

diffuse deeper into the material. In a depth of 1000 A, the 

galvanostatic tests give an amount of hydrogen 4 times higher 

that the background for the 2219 and 1.8 times higher than the 

background for the 2090, while it is only 1.5 times the 
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background for both alloys after the potentiostatic tests. 

5 Conclusions. 

It was shown that the 2090 is more susceptible to 

corrosion than the 2219, but no particular orientation was 

favored for pit development. The NaOH solution is too 

aggressive to be evaluated for the charging parameters. Based 

on results from the SIMS and roughness analysis, only two 

charging conditions were retained; 0.04 N HCl + As,Oz in 

deionized water at a constant potential of -3 Volts and fora 

time of 5 hours, and 0.04 N HCl + As,0; in a deionized water 

at a constant current of -500 yAnps/cm- and for a time of 20 

hours. 
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Table I: Results for the potentiodynamic curves of Al-Li 
2090 alloy for different environments, surface finish and 
orientation. 
a 

PH Ori. Fin. Ecorr Icorr Cor.rate Pol.Res. 
mV pA/cm2 MPY kQ cm2 

1 -1228 60.09 78.06 - 3613 

LT 2 -1508 226.2 293.8 -096 

3 -1245 43.39 56.36 -5004 

1 -1257 26.25 78.06 3613 

12 LS 2 ~1312 81.97 106.5 2648 

3 -1267 56 72.74 ~3877 

1 -1263 73.21 95.1 -2966 

TS 2 -~1322 43.54 56.56 -4987 

3 -~1315 65.86 85.56 3296 

1 -656 0.15 ~1964 143.6 

LT 2 -~585 0.06 -0774 364.5 

3 -597 1.23 1.6 17.66 

1 -577 78 1.01 27.94 

7 LS 2 -572 ~49 -6336 44.51 

3 -930 1.79 2.33 12.1 

1 ~515 1.3 1.69 16.7 

TS 2 -946 4.91 6.37 4.43 

3 -~728 1.11 1.44 19.54 

1 -635 10.06 13.06 2.16 

LT 2 -648 21.96 28.52 -9889 

3 -568 151.5 196.8 1433 

1 -598 9.56 12.42 2.27 

1.4 LS 2 _ ~604 313.8 407.6 - 0692 

3 -601 271.7 352.9 0799 

1 -599 208 270.3 -1044 

TS 2 -596 61.62 80.04 ~3524 

3 -577 41.3 53.7 ~5256 

FINISH: 1: lym 

2: 600 grit 
3: 60 grit 
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Table II: 

for different solutions tested. 
ee 

  

  

  

  

  

            

Charging| Times 2219 2090 

solution hrs |before|after before|after 

0.5 |0.174 0.185 0.0662/0.185 

1 0.103 0.118 0.0485 “2 

Hcl 2 0.0852/0.155 0.0845 ~3 

5 0.153 “8 0.0954 “7 

10 0.0883 “10 0.0715 “10 

0.5 {|0.0662/0.185 0.142 “2 

1 0.0912 “2 0.0948 “4 

NaOH 

+ 2 0.0917 “5 0.0745 “6 

As203 

5 0.0422 “10 0.0506 “9 

10 0.0457 “13 0.0867 “15 

0.5 |0.0658/0.0822; 0.128 |0.152 

1 0.0563/0.0732] 0.0487|/0.106 
HCl 

+ 2 0.0587}0.0816| 0.0688/0.0723 

As203 

5 0.0745;0.0795|] 0.0540/0.355 

10 0.0999/|0.152 0.0876/1.060     

The values are representing RMS in pm. 

Surface changes after the charging experiments 
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Table III: Results from the hydrogen charging tests. 

Conditions Time Dif.of Surface roughness 
hours counts/sec RMS (pm) 

1 5 0.057 0.0795 

2 V2 2 eee 0.185 

3 20 0.059 0.0772 

4 20 0.0185 0.0861 

Uncharged | ==s==-= 0.0752 

Conditions: 1: 0.04 N HCl+ As,0; at -3 Volts 
2: 0.1 N NaOH + As,O;3 at -3 Volts 5 

3: 0.04 N HC1l+ As203 at -500 pwAmps/cm 

4: 0.04 N HCl+ As ,0z at -5000 pAmps/cm 

Dif. of counts/sec represents the difference measured in 
counts per second, between the condition tested and the 
uncharged sample for the hydrogen profile. 

140



  

      
  

Figure 1: Typical sample used for the corrosion 
experiments. 
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Figure 2: Electrical cell used for the corrosion 
tests. 
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Figure 3: Schematic of the instrumentation for the 
corrosion tests. 
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dimensional digital optical profiler. 
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Figure 7 (a): Effect of surface finish and solution pH on 
Ecorr for specimens exposed in the L-T orientation. 
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Figure 7 (b) 
Ecorr for specimens in the L-S orientation. 
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Figure 7 (c): Effect of surface finish and solution pH on 
Ecorr for specimens exposed in the T-S orientation. 
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Figure 8 (a): Effect of solution pH and surface finish on 
Ecorr for specimens exposed in the L-T orientation. 
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Figure 8 (b): Effect of solution pH and surface finish on 
Ecorr for specimens exposed in the L-S orientation. 
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Figure 8 (c): Effect of solution pH and surface finish on 
Ecorr for specimens exposed in the T-S orientation. 
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Figure 9 (a): Effect of solution pH and orientation on 
Ecorr for specimens with a surface finish of lpm. 
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Figure 9 (b): Effect of solution pH and orientation on 
Ecorr for specimens with a 600 grit surface finish. 
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Figure 9 (c): Effect of solution pH and orientation on 
Ecorr for specimens with a 60 grit surface finish. 
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Figure 17: Hydrogen profile performed at the Oak Ridge 
National Laboratory for the 2090 alloy. 
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Figure 18: Hydrogen profile performed at the Oak Ridge 
National Laboratory for the 2219. 
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