The Identification of Hydrogen Trapping States in an
Al-Li-Cu-Zr Alloy Using Thermal Desorption Spectroscopy
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Thermal desorption spectroscopy (TDS) was utilized to identify several metallurgical statesin an Al -
2Li - 2Cu-0.1Zr (wt pct) aloy, which trap absorbed hydrogen. Six distinct metallurgical desorption
states for hydrogen were observed for tempers varying from the T3 to peakaged condition. Lower
energy thermal desorption states were correlated with interstitial sites, lithium in solid solution, and
& (AlsLi) precipitates. These states have trap-binding energies =25.2 kJ/mol. Under the charging
conditions utilized, approximately 4 pct of the total (e.g., trapped and lattice) hydrogen content was
associated with interstitial sites, consistent with the view that the intrinsic | attice solubility of hydrogen
in aluminum is very low. In contrast, dislocations, grain boundaries, and T, (Al,CuLi) particles were
found to be higher energy-trap states with trap-binding energies =31.7 kJ/mol. Approximately 78 pct
of al absorbed hydrogen occupied these states. Moreover, greater than 13 pct of the available trap
sites at grain boundaries were occupied. Such a high hydrogen coverage at grain-boundary sites
supports the nation that hydrogen contributes to grain-boundary environmental cracking in Al-Li-Cu-
Zr aloys. Also, it points out the error in assuming that hydrogen cannot play a major rolein cracking
of Al-based alloys due to the low lattice solubility.

[. INTRODUCTION

Al-Li-Cu-Zr aloys have been shown to be susceptible
to environmentally assisted cracking (EAC) when exposed
to aqueous chloride-containing environments.*~4 However,
there has been little research to distinguish dissol ution-based
processes from hydrogen-embrittlement processes for this
system. For instance, the presence of T, in Al-Li-Cu-Zr
alloys has been argued to result in both aqueous dissolution
and hydrogen embrittlement under similar conditions.™
However, the role of T, in each of these processes has not
beenisolated. For Al-Li-Cu-X alloys, intergranul ar, intersub-
granular, and transgranular EAC paths in agueous solutions
have been attributed to boundary-T, dissolution,® T, disso-
lution with hydrogen uptake,[? AlLiH, formation and crack-
ing,[®9 dissolution of copper-depleted zones,' and intrinsic
hydrogen embrittlement involving mobile and or trapped
hydrogen.™¥ Which of these or other metallurgical factors
control hydrogen-assisted cracking has not been clearly
established. Consequently, knowledge of important factors
controlling EAC and governing mechanisms are not
avalable.

To gain insight on the interaction of absorbed hydrogen
with Al-Li-Cu-Zr aloys, electrochemically precharged spec-
imens were examined by an ultra-high-vacuum gas extrac-
tion technique, thermal desorption spectroscopy (TDS).
Thermal desorption spectroscopy has been used to measure
the binding energies of surface-adsorbed species since the
mid-1950s.1'21314 This technique was not applied to the
analysis of species that were absorbed in the bulk of a

STEPHEN W. SMITH, formerly Graduate Research Assistant, Depart-
ment of Materials Science and Engineering, University of Virginia, Char-
lottesville, VA 22903, is Senior Engineer, Lockheed Martin Engineering
and Sciences, Hampton, VA 23681-2199. JOHN R. SCULLY, Associate
Professor, is with the Department of Materials Science and Engineering,
University of Virginia, Charlottesville, VA 22903.

Manuscript submitted March 9, 1998.

METALLURGICAL AND MATERIALS TRANSACTIONS A

material and trapped at microstructural sites of varying bind-
ing energy until the early 1980s.1*>181 When this technique
is used to measure bulk-absorbed species, detrapping and
lattice diffusion must precede surface desorption. As the
temperature of asampleisincreased, therate of gasevolution
will increase, resulting in an instantaneousrisein gasdensity
within a fixed volume. If a mass spectrometer is used to
measure the rise of pressure within the chamber, the flux of
any desorbed species can be determined. It is this ability to
dynamically measure evolved gases and to discriminate the
evolved species that makes this tool more powerful than
traditional fusion methods used to determine the total con-
centration of absorbed species.[*”]

To fully understand the process of hydrogen embrittle-
ment, one must establish a fundamental understanding of
theingress, transport, and trapping of hydrogen in amaterial
system.[*829 This article serves as afirst step to developing
such an understanding. With this information, a more accu-
rate assessment of the effect of absorbed hydrogen on the
mechanical behavior of these alloys can be devel oped.[*

II. EXPERIMENTAL
A. Materials

Several aloys were used to determine the active hydro-
gen-trapping sitesin Al-Li-Cu-Zr aloys. These alloysvaried
in composition, which results in a variation of precipitation
phases, and contained various concentrations of defect sites,
which may act as hydrogen-trapping sites. Three different
Al-Li-Cu-Zr alloys were used in this study. The first alloy
was acommercially available, 3.2-mm-thick, AA2090 (Al -
2.15Li - 2.56Cu - 0.12Zr, wt pct), unrecrystallized sheet
product. The two other Al-Li-Cu-Zr aloys were recrystal-
lized alloys fabricated from the same plate, whose composi-
tion (Al - 2.05Li - 2.27Cu - 0.09Zr, wt pct) was within
nominal limits for the AA2090 designation.!! Following
hot rolling of the plate, these alloys were heated at different
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Tablel.

Grain Dimensions of the Three Al-Li-Cu-Zr Alloys Examined

Recrystallization Grain Dimensions (um) Subgrain
Alloy Product Form Heating Rate (°C/h) (L X LT X ST) Dimensions (um)
AA2090 unrecrystallized — 4400 X 600 X 10 510 10
Al-Li-Cu-Zr recrystallized fine grain 700,000 30 X 30 X 20 —
Al-Li-Cu-Zr recrystallized large grain 70 1200 X 1100 X 250 —
Tablell. Strengthening Precipitates in Commercial Al-Li-Cu-Zr Alloyg36:3747
Crystal
Precipitate Composition Morphology Orientation Coherency Nucleation Structure Comments
& AlsLi spheres cube-cube fully homogeneous L1, metastable phase of &; found in
naturally aged condition,
will coarsen with artificial
aging; 6 can be formed at
high angle boundaries upon
significant aging
T, AlCuLi plates {111} partially  dislocations, sub-  hexagona little to none found in naturaly
habit grain aged condition, will nucle-
boundaries ate and coarsen with artificial
aging; Tx(AleCu(Li,Mg)s)
and Tg(Al;CuyLi) can also be
formed at high angle grain
boundaries with significant
aging
74 Al,Cu plates {001} partially  subgrain tetragonal  grows at the expense of
habit boundaries GPzones, Metastable phase

of 6, found in naturally aged
condition; only observed
for Cu:Li > 1:3

ratesin arecrystallization treatment, to develop distinct grain
sizesin each aloy.[?d Following recrystallization, the alloys
were solution heat treated at 545 °C for 1 hour, quenched,
and stretched to atotal of 6 pct plastic engineering strain (this
was the same total stretch level as used in the commercia
AA2090 product). Microstructural characterization was per-
formed using optical, scanning electron, and transmission
electron microscopy (TEM) for each alloy. Selected area
diffraction patterns and centered dark-field images were
employed to aid in phase identification. The two recrystal-
lized alloysand the commercial unrecrystallized alloy varied
dramatically in grain size (Table ). Additionally, the unre-
crystallized alloy contained a subgrain structure, on the order
of 5to 10 zm, which was not present in the recrystallized
products. Each alloy was examined in three different tem-
pers, the naturally aged (T3) condition, an underaged (T3
+ 5 h a 160 °C), and a peakaged (T3 + 25 h at 160 °C)
temper. The size and density of precipitate phases are altered
by the aging conditions and stretch level prior to aging.[*®l
The strengthening precipitates which are most often encoun-
tered in commercia Al-Li-Cu-Zr aloysarelistedin Tablell.

Several binary aloys (Al - 1Cu, Al - 4Cu, and Al -
3Li, wt pct) were also used to aid in hydrogen-trap-site
identification. These binary alloys enable separateinvestiga-
tion of hydrogen interactions with copper-rich (Guinier—
Preston zones, ¢, 6’ and 6) and lithium-rich (6’ and 9)
phases. The binary products were sectioned to a thickness
of 1.2 mm. Whenever a direct comparison between the
desorption behavior of an Al-Li-Cu-Zr alloy was made with
one of the binary alloys, the Al-Li-Cu-Zr aloy was also
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thinned to 1.2 mm, to ensure acomparabl e diffusion distance
for the desorbing species.

B. Hydrogen Charging Procedures

Prior to hydrogen charging, the front and back faces of
each specimen were treated to minimize native-aluminum-
oxide-film growth, which can reduce hydrogen absorption.
This procedure involved vacuum etching the native oxide
followed by the deposition of a thin nickel film, which is
thermodynamically stable and will not hydride under the
charging conditions utilized. Specimens measuring approxi-
mately 12.7 X 25.4 mm were dry ground, using SiC paper
to afina grit of 1200. The final thickness of each specimen
was either 1.2 or 2.4 mm. Polished specimens were placed
in avery-high-vacuum sputtering chamber and evacuated to
less than 2.7 X 107° Pa (2.0 X 1077 Torr). The system
contained aliquid nitrogen cold finger, to aid in water vapor
condensation from the vacuum environment. Specimens
were etched at 350 V and 0.8 mA/cm?in a 2.4 PaAr (99.999
pct) environment for 8 minutes, using an RF power supply.
The field was then reversed and a shield retracted, to facili-
tate sputter deposition from a high-purity nickel (99.999
pct) target spaced approximately 15 cm from the substrate.
Sputtering was performed at 600 V and 0.6 mA/cm? in a
2.4 PaAr (99.999 pct) environment for 5 minutes. Following
nickel deposition on one face of the specimen, the chamber
was opened and the specimen was rotated to expose the
opposite face. The etching and deposition procedures were
then repeated for the opposite face of the specimen. This
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procedure produced a nickel film of approximately 400 A,
as measured on separate samples using a surface roughness
tester with a diamond tip stylis, on the front and back face
of each specimen. The nickel film on each face made it
possible to electrochemically charge both faces of the speci-
men simultaneously. The diffusivity of hydrogen in alumi-
num oxideis several orders of magnitude lower thanin pure
aluminum.’?? Therefore, the oxide can act as a diffusion
barrier. The etching and deposition procedures were used to
minimize the native-oxide diffusion barrier.

Electrochemical charging of the nickel-coated specimens
was performed in a 0.25 M NaSO, + 0.05 M sodium
borate solution buffered to a pH of 7 with boric acid under
potentiostatic control at —1 Vg for 28 days (f, ~ 2 X
10 atm). The relatively long charging period was required
to increase the concentration of absorbed hydrogen through
the thickness of the Al-Li-Cu-Zr specimens, due to the slow
hydrogen diffusivity in aluminum alloys (approximately 1 X
10718 m%/d?>28), After charging, specimens were removed
from solution and examined optically to ensure the nickel
films were not pitted. Prior to thermal desorption analysis,
specimens were dry ground with 800 grit SIC paper, to
remove the nickel film, and cleaned in methanal. It should
be noted that this charging procedure did not produce a
completely uniform hydrogen concentration through the
specimen thickness, particularly for the 2.4-mm-thick speci-
mens. However, this procedure was determined to result in
increased hydrogen concentrations. The relevance of using
specimens which are not uniformly charged will be
addressed within the text.

Straining electrode tests (SET) were also performed to
study the ingress of hydrogen in AA2090 under dynamic
gtraining. Flat, 2.4-mm-thick tensile samples (L oriented)
were preloaded to 75 pct oy and strained at a constant
crosshead displacement rate (5 X 10~° mm/s) with an initial
strain rate of 2 X 1076 s1, The preloaded samples, which
did not have a protective nickel film, were exposed to a pH
1 solution (0.1 M HCI) and held at a potential of —2 Vg,
while being strained to a total engineering strain of 3 pct,
following the procedures of Albrecht and co-workers.[?”]
The solution chemistry and charging potential were chosen
to ensure the water-reduction reaction and to minimize oxi-
dation of the specimens while chemically destabilizing the
passive film to promote hydrogen uptake. After the SET
was performed, the tensile specimen was removed from
solution, the gage section was removed using a diamond
wafering blade, and wasthen prepared for thermal desorption
analysis in the same manner as the Ni-coated hydrogen-
precharged specimens (i.e., dry ground and cleaned).

C. Thermal Desorption Spectroscopy

Thethermal desorption system used for thiswork isshown
inFigure 1. Thevacuum systemiscomprised of two sections;
below the gate valve is the ultra-high-vacuum (UHV) analy-
sis section, and above the gate valve is a high-vacuum, |oad-
lock section to permit sample insertion while maintaining
UHV in the analysis section. All tubular components within
the UHV system have ConFlat metal-to-metal seals which
can be repeatedly baked to 450 °C to aid in cleaning the
system of adsorbed species. The analysis section is pumped
by a180 L/s (N,) turbo-molecular pump (TMP) with afour-
stage-diaphragm backing pump, in parallel witha20 L/s(N,)
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Fig. 1—Schematic diagram of TDS system.

titanium sorption pump (TSP), which provides an ultimate
pressure in the low 107%° Pa range (=~10"*? Torr). The
specimen-exchange section is pumped using an 18 L/s (N,)
molecular drag pump with a diaphragm-module backing
pump, producing an ultimate pressure in the low 1072 Pa
range (=~10"° Torr). Specimen heating was provided by a
resistance tube furnace capable of heating a specimen above
900 °C at alinear heating rate with a programmable control-
ler. The control element for the furnace is a thermocouple
located within the vacuum chamber in close proximity to
the specimen. Measured temperatures were determined to
bewithin 3 °C of the specimen temperature at 600 °C. During
specimen heating, a quadrupole mass spectrometer (QMS)
was used to measure the hydrogen partial pressure within
the analysis section.

Specimens to be analyzed were loaded into a prebaked
quartz crucible suspended from the rotary feedthrough. The
exchange section was evacuated to 2.6 X 10~2Pa(2 X 10™*
Torr), the gate valve opened, and the specimen lowered to
the bottom of the quartz tube located within the furnace.
The exchange section was then closed and the TSP operated
to more effectively pump water vapor and hydrogen from
the system. An adequate vacuum was established (< 2.6 X
1077 Pa, < 2 X 107° Torr), prior to desorption experiments.
To ensure a constant pumping speed during thermal desorp-
tion, the TSP was turned off and the isolation valve leading
to the turbo-molecular pump was partialy closed to a fixed
position. Thisresulted in a hydrogen pumping speed of 8.31
L/s from the analysis chamber.?® During each hydrogen-
analysis test, the signals of selected mass-to-charge ratios
and the specimen temperature were recorded as a function
of time. When possible, duplicate desorption tests were per-
formed to ensure that the results were reproducible. Gener-
ally, there were slight variations in the desorption spectra
for specimens that were hydrogen charged under the same
conditions. However, thetotal hydrogen desorbed from spec-
imens that were Ni coated and hydrogen precharged was
very consistent (=2.5 pct). Additionally, curve-fitting has
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Fig. 2—Potential energy diagram depicting the detrapping, diffusion, and
desorption of an absorbed species.

shown that the hydrogen trapped at each state was very
reproducible for specimens prepared in the same manner.

D. Desorption Rate Analysis

The flux of a gaseous species during thermal desorption
can be determined by measuring the change in partial pres-
sure of a species within a vacuum vessel of known volume.
A mass balance is used to determine the desorption rate of
absorbed species.[*! The desorption rate for any species can
be determined by measuring the partial pressure within the
analysis volume.[® For a chamber of fixed volume and
hydrogen pumping speed,

de2

(Fd)Hz = (V T) + (Fp)Hz [1]

where F is the desorption rate from the specimen, V is the
volume of the analysis chamber, p, is the hydrogen partial
pressure, and Fy, is the pumping rate of the turbo-molecu-
lar pump.

For the case of hydrogen trapped within the bulk of a
metal sample, the rate of desorption can be evaluated using
the rate equations governing three distinct processes. The
detrapping, diffusion, and desorption of hydrogen are ther-
mally activated during thermal desorption analysis. A sche-
matic representing the activation energy for each of these
processes is shown in Figure 2. Each of these processes can
be expressed by an Arrhenius equation

ka _ _Es i
k yexp( kT) detrapping [2]
En e
Dy = D, exp <— ﬁ) lattice diffusion [3]
kdes _ _ Echem .
ke A exp ( T ) desorption [4]

where kg, ki, Kqes, and ks are the rate constants for detrap-
ping, trapping, desorption, and adsorption, respectively. The
pre-exponential terms y and A account for the change in
free energy of hydrogen during the respective processes.
The term y can be expressed ag®”
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where Zy and Z; are the coordination numbersfor hydrogenin
aninterstitial and atrapping site, 4 and y, are the vibrational
frequencies, and §; and S are the entropies of detrapping
and trapping, respectively. Because the free energy of a
hydrogen atom does not change during the migration from
interstitial site to intertitial site, the pre-exponential term
D, is a material constant. Outlaw and co-workers*! and
Anyalebechi® demonstrated the energy of chemisorption
for hydrogen on selected aluminum alloys, including alumi-
num-lithium binaries,®3 is relatively low compared to the
migration energy for hydrogen. Therefore, the thermally
activated surface desorption of hydrogen can be neglected
in the derivation of the net desorption rate for trapped hydro-
gen for many aluminum alloys.

Ono and Meshii’®® devel oped asolution for the net desorp-
tion of hydrogen from abulk specimen considering the rates
of detrapping (Eg. [2]) and diffusion (Eg. [3]) as the rate-
controlling processes. However, they did not include aterm
for the available interstitial sites present in the material. The
detrapping process can be expressed in terms of hydrogen
atoms and available occupation sites.

ke
Ho + OroHr + 0, (6]
kg

y= [5]

where H_ and Hy represent a hydrogen atom at a lattice
interstitial site and a trap site, respectively, and O and O
represent a vacant trap site and interstitial site, respectively.
The rate constants for trapping and detrapping can then be
used to yield

k _GCN Cr_ kM\y
ka  Cu Ny C. kaN

where C_ and C; are the | attice hydrogen and trapped hydro-
gen concentrations (atoms H/cm®), and N, and Ny are the
available lattice interstitial sites and available trap site con-
centrations (sites’cm®), respectively. This rate equation can
now be used to account for the effect of trapping sites on
the diffusivity of hydrogen.

-1
G _ Dy (1 + ﬁ) (8]

(7]

D.=D
e FHCeL + G kg N,

where D, is the effective diffusivity. Using this controlling-
rate equation, Ono and Meshii assigned boundary conditions
for a semi-infinite plate of thickness 2d being heated at a
constant thermal ramp rate (dT/dt). These conditions allow
for an approximate desorption rate equation to be ex-
pressed as

aC
TL= a2 DdCu ~ C) [0

where C, is the total hydrogen concentration, C, is the
thermal equilibrium concentration of hydrogen, and « isthe
lowest order eigenvalue that satisfies the prescribed bound-
ary conditions (« = #/2d). Due to the low hydrogen partial
pressure within the vacuum chamber used for thermal
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Fig. 3—Model desorption rate curve developed using Eq. [11].

desorption, C, will be much lower than the total hydrogen
concentration of the material being studied and will, there-
fore, be assumed to be zero.

Substituting Eqg. [8] into [9] and rewriting this equation
to expressit in terms of achange in the lattice concentration
(CL) over someincremental time over which the temperature
changeissmall enough to be approximated as constant yields

ac,
At kaNL

Using Eq. [2], [3], and [6], Eq. [10] can be modified.
2
AG, _ (= _Em
N (2d> Do eXp( kT)

-1
(13 {5) o ) e

Equation [11] can be used to model the desorption of bulk
absorbed hydrogen from multiple trapping sites of aconstant
binding energy. If appropriate values are used, a model
desorption-rate-vs-time curve can be generated (Figure 3).
This curve is a Gaussian curve which is skewed to the left.
The shape of this curve is indicative of a rate order which
is between first and second order.[*3%° A rate order between
first and second order has been attributed to a first order
detrapping process that is affected by diffusion.[*?

To resolve the contribution of hydrogen detrapping from
several trapping states, a nonlinear curve-fitting program,
PEAKFIT,* was used to fit experimental data. This software

*PEAKFIT is atrademark of Jandel Scientific, Corte Madera, CA.

- @ DH<1 + k‘—NT) ) [10]

[11]
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package has alibrary of equations including an asymmetric
double sigmoidal, which can be used to model the detrapping
of hydrogen from a metallurgical trapping state (Figure 3).
Curvefitting of total hydrogen-desorption-rate data can be
used to identify the total number of distinguishable trapping
states, as well as the amount of hydrogen that is trapped at
each state.

It should be noted that the analysis which has been out-
lined within this section is not completely rigorous. Each
trapping stateis considered separately and thereisno consid-
eration for the potentia retrapping of hydrogen by atrapping
site after it hasbeen detrapped from asite of different binding
energy. It is particularly important to be aware of this fact
when studying a material which contains multiple trapping
states of similar binding energy.“®!

E. Activation Energy Analysis

The study of thermally activated processes by differential
thermal analysis (DTA) has demonstrated that the position
of areaction rate maximum varies with heating rate if other
experimental variables are fixed.*¥ This behavior has also
been demonstrated for the desorption of trapped hydrogen
using TDS.[** Most reactions of the type solid + absorbed
specie - solid + gas can be described by the equation

dx ) _E
o= AL=x) exp< kT) [12]

where dX/dt is the rate of reaction, X isthe fraction reacted,
Aisapre-exponential constant, and n isthe empirical order
of the reaction. Applying this single Arrhenius eguation to
the desorption of bulk hydrogen, the activation energy, E,,
isused to represent the total activation energy for desorption
(Em + Eg). This approach has been shown to be correct for
thermal desorption analysis.[*¢l

Several researchers have modified this desorption equa-
tion to express the activation energy in terms of heating rate
(dT/dt) and temperature for a desorption maxima (T,,).[*6:3%

-k [13]

Using this relationship, In ((dT/dt)/T2) vs (I/T,,) for each
desorption maxima can be plotted for several different ther-
mal ramp rates to produce a line with the slope —E,/k.
This analysis has been shown to apply to experimentally
determined desorption data and has enabled the calculation
of binding energies for metallurgical trapping states in
steel.[*% |t should be noted that Lee et al.[**! neglected any
role of diffusion following detrapping. This is a reasonable
approximation for the case of steel, where the migration
energy (typically <6 kJmol) ismuch lower than the binding
energy for reversible traps (=48 kJ/mol). Consequently, the
detrapping of hydrogen dominates the desorption process.
In the case of Al-Li-Cu-X dloys, the migration energy is
a significant fraction of the overal activation energy for
hydrogen detrapping. As a result, the diffusion of hydrogen
to the free surface cannot be neglected.

An alternative approach to determine the activation energy
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Fig. 4—Desorption spectra for AA2090, UA temper, tested at 10 °C/min.
The desorption from each trapping state is shown using a fitted curve.
Specimen is 2.4-mm thick and hydrogen precharged.

for the detrapping of hydrogen isthe direct fitting of desorp-
tion-rate data for each trapping state, using Eq. [11]. This
method does require the knowledge of severa variables,
such as the concentration of trap sites for the state being
examined. In addition, the direct fitting of desorption-rate
data from EQ. [11] requires a uniform hydrogen concentra-
tion through the thickness of each specimen, which is not
the case in this study.

I11. RESULTS

A. Trap Sate Identification

Figure 4 is a plot of the dynamic hydrogen desorption
rate vs time for an electrochemically charged AA2090 UA
specimen that was heated at 10 °C/min. In each of the three
tempers examined, hydrogen was found to be trapped at six
states. A seventh fitted curve, whichisnot identified, appears
at the far right of the desorption curve in Figure 4. It was
determined that this was associated with hydrogen desorp-
tion from the chamber walls via conduction heating. The
identification of each trapping state was accomplished by
comparing thermal desorption spectra for several model
aloys which were hydrogen precharged. The tests that went
into the identification of each trapping site will follow.

B. Al-Cu Binaries

The Al-1 wt pct Cu and Al-4 wt pct Cu alloys were tested
under several aging conditions. These range from asolution-
heat-treated state to a severely overaged condition. The
desorption spectrafor the Al-Cu binariesdid not vary greatly
as a function of aging, and the total hydrogen content was
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Fig. 5—Desorption spectra of AA2090, and Al-4 wt pct Cu, tested at 10
°C/min. All specimens are 1.2-mm thick and hydrogen precharged.

much lower than that in the AA2090 material under identical
charging conditions (Figure 5). Because there are no signifi-
cant changes in the trapping states associated with absorbed
hydrogen upon aging, copper in solid solution and the cop-
per-rich series of precipitates do not appear to act as signifi-
cant sites for hydrogen trapping. These results correlate well
with solubility measurements made by Anyalebechi.[34
Although he identified an increased hydrogen solubility in
an Al-4 wt pct Cu aloy compared to pure Al, the total
hydrogen solubility for each material was significantly lower
than for an Al-3 wt pct Li binary and an AA2090 aloy.

C. Al-Li Binaries

The Al-3 wt pct Li binary alloy was examined in several
different aging conditions. TDS analysis revealed two sig-
nificant results: (1) the solubility of hydrogen in this aloy
was much higher than in AA2090; and (2) three low-energy
hydrogen-trap states contain varying amounts of hydrogen
as a function of aging condition (Figure 6). Hydrogen solu-
bility in Al-Li aloys has been shown to be strongly depen-
dent upon Li content.®™ Therefore, a higher hydrogen
concentration is expected in the Al-3 wt pct Li binary since
it contains nearly 30 pct more Li than the AA2090.

The lowest energy-trapping state in the Al-Li binary aloy
was significantly lower in energy than any trapping state
found in AA2090. This low-energy trapping state contains
alarge amount of hydrogen in the solution-heat-treated con-
dition. However, thetotal hydrogen associated with this state
decreases sharply when aged (Figure 6). This trapping state
appears to be hydrogen interacting with lithium on the free
surface of the specimen or within the hydrated oxide layer.
Hydrogen can be produced by the reduction of water vapor
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Fig. 6—Desorption spectra for Al-3 wt pct Li and AA2090, tested at 10
°C/min. All specimens are 1.2-mm thick and hydrogen precharged.

in laboratory air asthe specimen is prepared by dry grinding
to an 800 grit finish. This effect was confirmed by testing
uncharged specimens, which were prepared in the same
manner. While the total amount of hydrogen desorbed was
less than for the precharged material, the initial peak was
still present and the amount of hydrogen desorbed from
this state was not dependent upon the charging condition.
Additionally, curve fitting of this trapping state was accom-
plished with a symmetric curve, indicative of a surface-
controlled desorption process.!*® Therefore, this trapping
state cannot be attributed to bulk absorbed hydrogen.

The second highest energy-trapping state identified for
the Al-Li binary aloy was found to trap less hydrogen with
aging. This trapping state was similar in energy and in its
ability to trap hydrogen as a function of aging to the second
trapping state identified for AA2090 (Figure 7). It appears
that this trapping state is a result of hydrogen associated
with lithium in solid solution. The total amount of hydrogen
trapped by lithium in solid solution decreased with aging
dueto Li depletion from solid solution with the precipitation
of Li-rich phases (6’ and & in the Al-Li binary and 6" and
T, for AA20909),

The third trapping state observed in the Al-Li binary also
varies with aging and behaves similarly to trapping state 3
for AA2090 (Figure 7). Only a small amount of hydrogen
was associated with thisthird state before aging. Upon aging
for 5 hours at 160 °C, the total hydrogen at this state
increases. Further aging for 25 hours at 160 °C resultsin a
decrease in hydrogen compared to 5 hours. However, it is
higher than seen in the naturally-aged condition. Since the
total amount of hydrogen associated with this state varied
with aging, it is reasonable to assume that this trapping state
correlates with the precipitation of & (AlsLi). For AA2090
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Fig. 7—Hydrogen partitioning for Al-3 wt pct Li and AA2090, tested at
10 °C/min. All specimens are 1.2-mm thick and hydrogen precharged.

andthe Al-Li binary, additional &’ isformed when artificialy
aged; upon further aging, some &' is consumed with the
formation of & in the binary aloy and T, (Al,CuLi) for
AA2090. In both cases, the §-matrix interfacial area will
be reduced as the &' precipitates coarsen. This was shown
to be the case for an experimental Al-Li-Cu-Zr aloy which
was examined for several aging conditions.[* It is not clear
if the hydrogen associated with the coherent &’ precipitates
will be trapped at the matrix (tensile) side of the matrix-
particle interface due to the lattice mismatch between the
lithium rich &' particle and the aluminum-rich matrix (the
lattice constant for &' is more than 6 pct greater than for the
matrix), or if the elevated hydrogen concentration will be
present within the &’ particles due to the high concentration
of lithium. However, the hydrogen concentration associated
with &' precipitates is much higher than would be observed
in an aluminum-rich matrix without precipitates.

D. AA2090

To determine if dislocations can act as sites for hydrogen
trapping, flat, tensile bars of AA2090 were plasticaly
strained 3 pct prior to hydrogen charging to introduce an
increased number of dislocations beyond the prestretch,
thereby increasing the total number of potential trap sites
along dislocations. Cathodic charging of these prestrained
specimens resulted in an increased amount of hydrogen at
trapping state 4 (Figure 8). Although prestraining these spec-
imens will produce deformation bands which contain avery
complicated dislocation structure, there do not appear to be
any distinctly new trapping states created during deformation
at thislevel. Accompanying theincreasein trapped hydrogen
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Fig. 8—Desorption spectrafor AA2090, UA temper, in one case prestrained
3 pct in air, tested at 10 °C/min. Specimens are 2.4-mm thick and hydro-
gen precharged.

0.8
I —@—- Lattice Hydrogen (peaks 1+2)
I —#— § (peak 3)
| —#&— dislocations (peak 4)
| —w—- grain boundaries, T, (peaks 5+6)
c 06 b
ot v
S o
© S
> >~
I Sy
©
-
(S) - ]
R 0.4
“—
[S)
c
o
© A
s T T
w 02} k”// ]
e -
.::>‘:: ______ @
0.0 L 1
AA2090-UA AA2090-UA
charged pre-strained 3 %

Fig. 9—Hydrogen partitioning of AA2090, UA temper, inonecaseprestrain
3 pct in air, tested at 10 °C/min. Specimens are 2.4-mm thick and hydro-
gen precharged.

at state 4 was a milder increase of hydrogen trapped at &'
particles, trap state 3 (Figure 9). This increase may be due
to shearing of &' particles by dislocations during plastic
deformation,*8 thereby increasing the &'-matrix interfacial
area. For these two reasons, trapping state 4 has been
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Fig. 10—Desorption spectra of AA2090, UA temper, in one case strained
3 pct, tested at 10 °C/min. Both specimens are 2.4-mm thick, Ni-coated,
and precharged at —1 Vg for 28 days in pH 7 solution.

assigned to dislocations. Theintroduction of additional dislo-
cation trapping sites resulted in a lowering of the effective
diffusivity. By lowering the effective diffusivity, the rate of
hydrogen ingress was reduced. Consequently, fewer of the
high-energy trapping sites (peaks 5 and 6) in the interior of
the specimen are exposed to the increased hydrogen concen-
tration associated with charging. Additionally, a decreased
diffusivity during charging aso results in a decreased mean
diffusion distance during desorption. This result can be
observed as a shift in desorption maxima to lower tem-
peratures.

Tensile specimens of the unrecrystallized alloy were
strained at a constant crosshead displacement rate of 5 X
1075 mm/s (initial strain rate of 2 X 107 s7%) to a total
engineering strain of 3 pct, following hydrogen charging.
The gage area was sectioned from the tensile specimens
and examined using TDS. Although these specimens were
charged in the same manner as unstrained specimens, hydro-
gen desorption spectrafor the strained gage volume are very
different than for specimens which were not subject to any
plastic deformation after hydrogen charging (Figure 10).
While the total absorbed hydrogen remained constant, an
increased fraction of hydrogen associated with trapping of
hydrogen at dislocations was observed for deformed speci-
mens (Figure 11). Additionally, there was a decrease in
the total amount of hydrogen trapped at &' precipitates,
interstitially, and at solid-solution lithium atoms, along with
a dlight decrease in trapped hydrogen at states 5 and 6
subsequent to deformation. It appears that this repartitioning
of internal hydrogen is due to dislocation generation and
the pickup of hydrogen as dislocations sweep through the
lattice. An additiona effect may be due to a diffusional
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Fig. 11—Hydrogen partitioning of AA2090, UA temper, in one case
strained 3 pct, tested at 10 °C/min. Both specimens are 2.4-mm thick, Ni-
coated, and precharged at —1 Ve for 28 days in pH 7 solution.

process where the generation of dislocations creates addi-
tional trapping sites, and in order to minimize the free energy
of the system, hydrogen atoms trapped at other states can
diffuse to occupy the newly formed dislocation trapping
sites.

Further evidence to support the redistribution of absorbed
hydrogen by dislocations has been established by concurrent
straining and cathodic charging using a straining electrode
technique (SET). Following the concurrent straining and
hydrogen charging of flat AA2090 (in the T3, underaged,
and peakaged tempers) tensile specimens, the gage areawas
sectioned from the specimens and studied using TDS. In
each of the tempers, the fraction of hydrogen trapped at
dislocations (state 4) was significantly higher than measured
in unstrained specimens using either the Ni-coated cathodic
charging procedure or by charging a specimen in the pH 1
HCI solution used for the SET without dynamic straining
(Figure 12). This effect was greatest in the PA temper, which
has the highest degree of localized planar dlip.!*¥ Addition-
aly, the quantity of absorbed hydrogen was much higher
for specimens subject to concurrent straining and cathodic
charging than specimens charged in the same manner as the
SET but without concurrent straining or specimens charged
using the nickel-coated charging procedure. Therefore,
dynamic straining increases the rate of hydrogen ingress
in AA2090.

The peaksidentified astrapping states 5 and 6 for AA2090
are very difficult to distinguish from one another. Release
of hydrogen from state 6 occurs very close to the melting
point. In order to avoid melting the aluminum specimens,
the furnace was turned off approximately 20 °C below the
melting point. If the specimen was alowed to melt, the
desorption process would be different from the detrapping
process which has been assumed. By comparing the total
hydrogen released from precharged specimens heated in this
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Fig. 12—Desorption spectra of AA2090, tested at 10 °C/min. Comparing
2.4-mm thick tensile specimens concurrently strained and charged in pH
1 HCI solution at —2 Vg to atotal engineering strain of 3 pct to the Ni-
coated and charged procedure.

manner with specimens which were heated beyond their
melting point, it was determined that this aternate heating
schedule (to approximately 640 °C) provides complete
desorption of absorbed hydrogen from precharged AA2090
specimens. However, this does result in the desorption of
hydrogen from specimens during a period of time in which
the specimen is not being heated at a linear rate.

E. Microstructural Alteration during TDS

An inherent problem associated with TDS analysisis the
potential to alter the microstructure of a specimen during
heating. Artificial aging may produce new hydrogen trapping
sites or result in the elimination of existing sites. If sitesare
eliminated, hydrogen desorptionisaresult of the elimination
of sites and not the detrapping of hydrogen from these sites.
For an initial assessment of the effect of specimen heating,
several unrecrystallized AA2090 samples were hested at 10
°C/min and water quenched when various temperatures were
reached. Vickers microhardness valueswere found to remain
relatively constant for specimens heated to nearly 500 °C.
For specimens heated above 500 °C, hardness values
decreased with increasing temperature. Therefore, themicro-
structure is altered during the measurement of hydrogen
desorption from states 5 and 6. Conseguently, the desorption
of hydrogen from states 5 and 6 may not represent the
thermally activated detrapping of hydrogen. This may affect
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Fig. 13—Bright-field transmission electron micrographs of (a) unrecrystal-
lized AA2090 UA temper and (b) unrecrystallized AA2090 UA temper
heated to 450 °C at 10 °C/min. showing T, platelets in grain interiors.

curve fitting for these states as well as the evaluation of
binding energies for these states.

The use of microhardnesstesting isavery coarse estimate
of artificial aging. To more accurately determine potential
aging below 500 °C, TEM was used to compare the micro-
structure of the unrecrystallized AA2090 in the UA temper
with the same alloy heated to 450 °C at 10 °C/min and water
guenched. The T, and T, platelets were not found to coarsen
with thermal treatment and there was a so no distinguishable
change in platelet density (Figure 13). This was also true
for Tg particles observed along high-angle grain boundaries.
The dimensions of high-angle and subgrain boundaries aso
remained unchanged after heating up to 450 °C (Figure 14).
Using TEM, it was not possible to determine the effect of
heating on &' precipitates. Therefore, differential scanning
calorimetry (DSC) was used to examine any change for
the unrecrystallized AA2090 alloy during thermal cycling.
Figure 15 is a DSC trace for AA2090 in the UA temper
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Fig. 14—Bright-field transmission electron micrograph showing subgrain
boundary structure for unrecrystallized AA2090 UA temper heated to 450
°C at 10 °C/min.
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Fig. 15—DSC spectra for unrecrystallized AA2090 UA temper heated at
10 °C/min.

heated at 10 °C/min. Thefirst peak identified is an endother-
mic peak at approximately 200 °C. This peak has been
attributed to &' dissolution.*¥l The &' desorption curve has
been identified at a temperature greater than 200 °C (Figure
4). Therefore, thisdesorption curve may represent therelease
of hydrogen due to the elimination of & trapping sites. Two
additional DSC maxima have also been identified; (1) an
exothermic peak at approximately 260 °C whichisassociated
with T, and T, formation; and (2) an endothermic peak at
approximately 500 °C representing the dissolution of T, and
T,.13% The presence of the peak at 500 °C is consistent with
hardness measurements. However, the T, and T, formation
exotherm isnot consistent with the TEM micrographs shown
in Figure 13. Since no obvious increase in T, or T, density
was observed using TEM, the exothermic peak may repre-
sent only a small increase in the total T, and T, density.

F. Recrystallized Al-Li-Cu-Zr

Two recrystallized alloys of differing grain size (Table 1)
were cathodically charged under identical conditions and
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Fig. 16—Hydrogen partitioning of recrystallized Al-Li-Cu-Zr, tested at 10
°C/min. Specimens are 2.4-mm thick and hydrogen precharged.

studied using TDS. Independent of aging condition, the finer
grain alloy contained a larger fraction of the total absorbed
hydrogen at the high-energy trapping states (5 and 6) than
did the coarser-grain alloy (Figure 16). Since the fine-grain
aloy contains a higher density of grain-boundary sites, the
trapping of hydrogen at high-angle grain boundaries will be
increased asthegrain sizeisdecreased. Theseresultsindicate
that one of the two high-energy trapping sites corresponds
to hydrogen trapping at high-angle grain boundaries.

Analysis of the desorption spectra for the recrystallized
aloys results in the observation of six trapping states. The
recrystallized alloys, which do not contain subgrains, and
the unrecrystallized alloy, which does contain subgrain
boundaries, have the same number of active trapping states.
Therefore, low-angle grain boundaries in and of themselves
do not appear to provide effective hydrogen trapping sites
in AA2090.

G. Indirect Identification of Remaining Trapping States

The second high-energy trapping state (5 or 6) must also
be identified. Because this state has a high binding energy,
it is believed to be either trapping at a precipitate or void,
or the decomposition of a hydride phase. Other researchers
have reported the existence of a hydride phase in Al-Li-Cu
alloys when cathodically charged with hydrogen.[®9 If the
final high-energy site were due to the decomposition of a
hydride phase, the amount of hydrogen released would have
to be larger than seen in peak 5 or 6. For instance, if one
of the high-energy trap sites were assumed to be AlLiH,,
the total hydrogen released from either of these states in a
hydrogen-charged AA2090 specimen in the UA temper
would correspond to less than 7 X 1077 wt fraction (less
than 6 X 106 vol fraction), which is significantly lower
than has been reported.[® Birnbaum et al ! have reported
the introduction of hydrogen-vacancy traps in cathodically
charged aluminum specimens. Comparison of TDS data for
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Tablelll. Calculations of the Binding Energies for the
Identified Trapping States, Data for AA2090, UA Temper

(Em + Eg)/R En + Es Eg (kI¥mol)

Trapping State (K) (kJmol) (Es (eV))
Interstitial 1810 15.1 0
(state 1) (0)
Solid solution Li 2130 17.7 2.6
(state 2) (0.0269)
& 4850 40.3 252
(state 3) (0.261)
Dislocations 5630 46.8 317
(state 4) (0.328)
Grain boundaries — — —
(state 5 or 6) —
T, — — —
(state 5 or 6) —

asreceived and cathodically-charged AA2090 has not
shown theintroduction of anew trapping state with cathodic
charging. Therefore, the hydrogen-vacancy interactions
reported by Birnbaum and co-workers do not appear to be
present for the conditions studied in this work. However, it
is possible that the desorption of hydrogen from vacancies
may be masked by a larger desorption peak. By a process
of elimination, it would appear that the final high-energy
trapping stateis due to hydrogen associated with the lithium-
rich T, precipitates. This conclusion is supported by the
fact that there is a considerably higher fraction of hydrogen
trapped at states 5 and 6 for AA2090 in the UA and PA
tempers than for the T3 temper (Figure 7), where T, is, for
the most part, absent (Table I1). The T, and Ty precipitates
have also been identified along high-angle grain boundaries
in the UA and PA tempers and may also trap hydrogen.
However, only the trapping at T, will be referenced in the
remainder of this article.

There is no conclusive evidence for the identification of
trapping state 1. However, it is believed to be hydrogen
associated with interstitial sites in the aluminum matrix.
State 1 is of very low energy and, while there may be some
contribution from hydrogen adsorbed onto the surface or
within a hydrated oxide layer which may not have been
accounted for fully, dissolved hydrogen has been measured
in defect-free pure auminum.[*+*3 Therefore, some dis-
solved hydrogen must be present at interstitial sites.

H. Activation Energies

Desorption spectra for hydrogen-precharged specimens
were generated at four thermal ramp rates varying from 2
°C/min to 15 °C/min. The temperatures at the maximum
desorption rates were used to generate Arrhenius plots for
each trapping state (Eg. 13). The binding energy of each
trapping state was determined (Table I11). Due to the uncer-
tainty in fitting states 5 and 6, activation energies for these
states were not calculated. In order to determine a binding
energy for the trapping states, it was assumed that trapping
state 1 correspondsto interstitial hydrogen. Since the activa
tion energy for the desorption of interstitial hydrogen is the
migration energy for lattice diffusion, this activation energy
has been used to convert the activation energies for desorp-
tion (E,) of the other states to trap binding energies (Table
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TablelV. Trap Site Coverage for AA2090, UA Temper.

Trap Binding Calculated Trap

Desorption Energy Coverage, 6r
State Trap Identity Es (kImol)  (from Eq. [16])
12 interdtitial 0 156 X 1077
2 Li in solid solution 2.60 4.46 X 1077
3 & 25.2 4.08 X 1073
4 dislocations 317 0.0562
5°  high angle grain 35 0.176
boundaries

66 T 38 0.417

aThe interstitial coverage is calculated from hydrogen content
in trapping state 1.

bTrapping state 5 will be assumed to be high angle grain bound-
aries and a hinding energy is approximated from the desorption
rate data.

“Trapping state 6 will be assumed to be T, precipitates and a
binding energy is approximated from the desorption rate data.

I11). Moreover, the activation energy for state 1 isin fairly
good agreement with the migration energy of 18.12 kJ/mol,
which was determined for an Al-2 wt pct Li binary.53 If
the trapped hydrogen isin equilibrium with the lattice hydro-
gen, the coverage of each trapping state can be predicted.[*”!

br Es
1— 0 6. exp (kT) foror <1 [14]
where 6 and 6_ are the fractional occupancy of trap and
|attice sites, respectively. The calculated coverage for each
trapping state is shown in Table V. The calculated coverage
for each trapping state can then be compared to estimates
of the trap coverage for each state by approximating the
total number of trapping sites for each state.

V. DISCUSSION

I dentification of hydrogen trapping statespresentin Al-Li-
Cu-Zr alloys has been accomplished by comparing hydrogen
desorption spectrafor aloys of various microstructures with
several aging treatments and deformation levels. These
observations are supported by the relative binding energies
determined for each state. While additional trapping states
may be present in other aluminum alloys, six primary trap-
ping states have been observed and identified for the Al-Li-
Cu-Zr dloys studied. The desorption of hydrogen from state
1 hasbeen attributed to interstitial hydrogen. The association
of hydrogen with intertitial sites is purely attractive in
nature,[*¥ and must result in afairly low activation energy.
Due to the low hydrogen concentration in these alloys (150
wppb or 2.32 X 10'7 atoms H/cm?® in AA2090 using this
cathodic charging process) and the high concentration of
interstitial sites (6.03 X 10% sites/cmd), it is apparent that
only a small fraction of the total number of interstitial sites
will contain hydrogen. Using the total hydrogen measured
in desorption state 1 and the calculated density of available
intertitial sites (Appendix A), a coverage of only 1.56 X
1077 is predicted (Table V).

A. Solid Solution Lithium

The addition of lithium to aluminum has been found to
increase hydrogen solubility.[*2 Therefore, interstitial hydro-
gen will be attracted to lithium in solid solution. The
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attraction between interstitial hydrogen and solid-solution
lithium will be seen as a binding energy, resulting in an
activation energy for hydrogen desorption that is dightly
greater than the activation energy for interstitial hydrogen
that is not associated with solid-solution lithium. Using a
trap binding energy of 2.6 k¥mol and an interstitial lattice
coverage of 1.56 X 1077, atrap coverage of 4.46 X 10~
is calculated for lithium in solid solution (Table V). This
coverageiswithin an order of magnitude of thetrap coverage
which is caculated from the total amount of hydrogen
desorbed by state 2 (Table V).

B. & Precipitates

The activation energy for desorption state 3 (6" precipi-
tates) is less than that for desorption state 4 (dislocations),
and issignificantly greater than that for interstitial hydrogen.
This result is significant because &' particles, while having
alarger lattice constant (more than 6 pct greater) than a pure
aluminum matrix, are coherent with the matrix. Therefore,
desorption state 3 will be mostly, if not totally, attractive in
nature.l*3l A trap-site coverage of 4.08 x 10~ can be calcu-
lated using a binding energy of 25.2 kJ/mol. This coverage
isjust dightly greater than a factor of two higher than the
trap coverage determined using thetotal amount of hydrogen
desorbed from trapping state 3 (Table V). To make this
assessment, the &' precipitate density was assumed to be
equivalent to that measured by Rioja and co-workerd® for
an Al-2.63Cu-1.73Li-0.12Zr (wt pct) aloy.

C. Didocations

Using a binding energy of 31.7 kJ/mol, a trap coverage
of hydrogen at dislocations is calculated to be 0.0562. This
isin excellent agreement with the coverage determined from
thetotal hydrogen rel eased by state 4, assuming adislocation
density of 2.86 X 10'° cm/cm?® for a 6 pct stretch level 37
(Table V).

Hydrogen-dislocation interactions are a very important
aspect inthe EAC of Al-Li-Cu-Zr alloys. Not only are dislo-
cations a significant physical trapping state for absorbed
hydrogen, dislocations can play amajor rolein theredistribu-
tion of absorbed hydrogen during internal hydrogen embrit-
tlement, as well as increase the rate of hydrogen uptake
when amaterial isbeing plastically deformed in the presence
of a hydrogen-bearing environment.

D. Subgrain Boundaries

Although dislocationswere found to act assitesfor hydro-
gen trapping, there has been no evidence to suggest that
subgrain boundaries provide adequate sites for hydrogen
trapping. The lack of hydrogen trapping at subgrain sites
may be due to the low-energy dislocation structure of a
subgrain. Subgrain boundaries consist of dislocations
arranged to order their compressive and tensile fields. There-
fore, the strain fields of adjacent dislocations partially cancel
one another.[* Because the presence of hydrogen as an
atmosphere about an edge dislocation is a result of the com-
pressive and tensile strain fields, the potential cancellation
of a portion of these fields may affect hydrogen trapping at
these sites. It could be argued that the activation energy of
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TableV. Approximate Trap Site Coverage for AA2090, UA Temper

Trap Density, Trapped Hydrogen, Trap Occupancy,

Desorption State Trap Identity Ny (Sites/cmd)? Cr (atoms H/cm?d)® & = Ci/N;

1 interstitial 6.03 X 10?2 = N, 9.46 X 10'° = C, 156 X 1077 = 6.

2 Li in solid solution 4.66 X 10%* 1.92 x 10% 413 X 10°°

3 & 1.35 x 10%¥ 2.51 x 10'° 1.85 x 1073

4 dislocations 1.81 x 108 5.14 X 10% 0.0284

5 high angle grain boundaries 5.92 x 10Y 7.94 x 10'° 0.134

6 T, 3.34 x 10'8 6.34 x 10'° 0.0190

aDetermination of trap densities are shown in Appendix A.

bTrapped hydrogen concentrations are determined from TDS analysis for the average of three charged (Ni coated and charged for 28

days) specimens.

hydrogen trapped at subgrain boundaries may be very close
to the activation energy for another trapping state and may
be masked by this other state. However, results of fracture
testsfor hydrogen-precharged specimens support the conclu-
sion that hydrogen isnot trapped at subgrain boundaries.[20:28]
The fracture toughness of unrecrystallized AA2090 and
recrystallized Al-Li-Cu-Zr alloys containing predissolved
hydrogen decreased dramatically when high-angle boundary
pathways were favorably oriented for crack growth. How-
ever, little effect was observed when subgrain boundary
pathways were favorably oriented.

E. High-Angle Grain Boundaries

Thermal desorption analysis of the recrystallized alloys
has shown that one of the two high-energy trapping states
present in Al-Li-Cu-Zr aloys must be high-angle grain
boundaries. Since grain boundaries are high-energy defect
structures, it stands to reason that high-angle grain bound-
aries would have a relatively high binding energy. If it is
assumed that high-angle grain boundaries are the fifth
desorption state and abinding energy of 35 kJmol isapproxi-
mated from the desorption rate spectra, a trap coverage of
0.176 can be calculated. Thisvalueisin excellent agreement
with the trap coverage calculated from the amount of hydro-
gen desorbed by state 5 and the available grain-boundary
trapping sitesfor the A A2090 sheet product (0.134, Table V).

F. T, Precipitates

The AA2090 had a much higher quantity of hydrogen
trapped at the two high-energy states when tested in the
underaged and peakaged tempers than when specimens in
the T3 temper were studied (Figure 7). This is believed to
be associated with hydrogen trapping at T, particles. While
the faces of the T, plates provide a coherent interface with
the matrix (the {0001} planes of the T, phase have a low
misfit with the {111} habit planes of the matrix),*! the
edges of these particles produce an interface of high energy.
Since T, particles are likely to be one of the high-energy
trapping states in Al-Li-Cu-Zr aloys, it is proposed that
hydrogen will be trapped at the incoherent interfaces of T,
particles. Assuming T, precipitates are the highest energy
trapping state and a binding energy of 38 kJ/mol is approxi-
mated from the desorption rate spectra, a trap coverage of
0.417 can be calculated. A coverage of 0.019 (Table V) is
calculated from the total hydrogen released from state 6. As
was the case with the trap occupancy calculations for &
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precipitates, the determination of the trap density for T,
preci pitates was made using data generated by Riojaet al.,[*
using an Al-Li-Cu-Zr aloy with adlightly different composi-
tion than the AA2090 used in this study.

Globular T, (AlgCu(Li,Mg)s) and/or Tg (Al,Cu,Li) have
been observed at high-angle boundaries of the AA2090 aloy
in the UA and PA tempers.[*8l While no additional trapping
states were identified in the PA temper, these precipitates
should not beruled out as potential hydrogen trapping states.
The globular precipitates are present in relatively low vol-
ume fractions, consequently, identification of hydrogen trap-
ping at these precipitates is difficult.

V. CONCLUSIONS

1. Six hydrogen desorption states have been identified for
AA2090. In order of increasing activation energy of
desorption, they are interstitial sites, solid solution lith-
ium, &', dislocations, high-angle grain boundaries, and
T, precipitates.

2. For the trapping states in which the concentration of
available trapping sitesisfairly well known (dislocations
and high-angle grain boundaries), thereisexcellent agree-
ment between the trap-site coverage predicted by binding
energies and the amount of hydrogen desorbed from each
trapping state.

3. Only 4 pct of thetotal internal hydrogen content is associ-
ated with interstitial sites. In contrast, 78 pct of the hydro-
gen occupies trap states with energies greater than 31.7
kJ/mol.

4. Subgrain boundaries were not found to be atrapping state
that could be distinguished from others reported.

5. A high binding energy and, consequently, a large hydro-
gen coverage at high-angle grain boundary sites was
implicated.

6. Didocations were observed to trap hydrogen in both
prestrained and dynamicaly strained (SET) testing.
Hydrogen uptake was enhanced at dislocations by
dynamic straining.
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APPENDIX
Available trap sites AA2090 UA

A. High-Angle Grain Boundaries

Grain Size 4400 X 600 X 10 um (Table I).

Volume/grain = 2.64 X 10" um?® = 2.64 X 1075 cm®.

Surface area/grain = 5.38 X 106 um?%2 = 2.69 X 10°
um? = 2.69 X 10 A2,

Note that the surface area is divided by 2 since each
boundary is the intersection of two grains. For Al a4 =
1.82 A, therefore, a dense-packed surface of Al {111} 5.81
X 1072 atoms/AZ,

If the entire grain-boundary area were to contain one atom
of H/atom Al,

2.69 X 10" A% = 264 X 1075 cm?® x 5.81
X 1072 H sites/A% = 5.92 X 10% H sites/cm®.

B. Didlocation Trapping

Riojaet al.[’"! measured the dislocation density for an Al-
2.63Cu-1.73Li-0.12Zr (wt pct) aloy for various stretching
levels. For a 6 pct stretch level, didocation density = 2.86
X 10 cm/cm?.

If H atoms are aligned aong the tensile side of each
dislocation core,

1H site + 158 A X (2.86 x 10%° cm/cm®) = 1.81
X 108 H sites/cm®.

C. Available Interstitial Stes

In the underaged temper, the matrix will become depleted
of some of the Li and Cu in solid solution. Therefore, the
available interdtitial sites will be determined for a pure Al
matrix. Density = 2.70 g/lcm?®, atomic wt = 26.9815 g/mol
0 6.03 X 10% atoms Al/cm®. For fcc metals, there is one

TableAl. Effect of Stretching on Measured Dislocation

Densitied®”
As Quenched
Didlocation Density Foil Thickness
Pct Stretch (cm/cmd) (A)
0 5.36 X 10° 1480
2 3.04 x 10° 2530
6 2.86 X 10%° 1690

octahedral interstitial site/lattice site 0 6.03 X 10%2 H
sites’cmd.

D. Trapping at &' Precipitates

Rioja et al.I*1 measured the density and size of &' precipi-
tatesfor an Al-2.63Cu-1.73Li-0.12Zr (wt pct) aloy for vari-
ous aging times at 153 °C. Kilmer*® examined the AA2090
material used in this study inthe UA temper and determined
the average &' particle to be 80 A in diameter. If the data
in Table All are used and a parabolic coarsening rate is
assumed, a particle diameter of 80 A isin very good agree-
ment with the expected diameter for an aging time of 5
hours. At this particle diameter, a density of approximately
116 x 10* ppt/cm® would be expected.

If trapping of H is associated with the &'/matrix interface,

area of & ppts = 7 (80 A)* X 116 X 10" ppt/cm®
= 2.33 X 10%® A?%/cm?®,
For amonolayer of H, 5.81 X 10~2 H sites/A® (Section A),
2.33 X 10%° A%/cm® X 5.81 X 1072 H sitesA? = 1.35
X 10'° H sites’cm®.

E. Trapping at T, Precipitates

Riojaet al.l*! measured the density and size of T, precipi-
tatesfor an Al-2.63Cu-1.73Li-0.12Zr (wt pct) aloy for vari-
ous aging times at 153 °C. Kilmerl“sl examined the AA2090
material used in this study in the UA temper and determined
the average T, precipitate to be 800 A in length. If the data
in Table Alll are used and a parabolic coarsening rate is
assumed, a particle size of 800 A isin very good agreement
with the expected size for an aging time of 5 hours. At this
particle size, a density of approximately 33 X 10* ppt/cm?®
would be expected.

Assume trapping of H is associated with the incoherent
interface along the T, platel et edges. Total length of incoher-
ent interface = 2 (800 A) = 1600 A/ppt. Therefore,

1600 A/ppt X 33 X 10 ppt/cm® = 5.28 X 10 A/lcm?®,

For a continuous length of hydrogen along the incoherent
interface,

0.633 H sites/A 5.28 X 108 A/cm® X 0.633 H sites/A
= 3.34 X 108 H sites/cm®.

F. Trapping at Li in Solid Solution.

Assume 1 H atom can be trapped for each Li atom in
solid solution. AA2090 is 2.15 wt pct Li and is 2.59 g/cm®,

Table All. Densities and Sizes of &' Precipitates as a Function of Percent of Stretch and Aging Practice (153 °C)[7

2 Hours 16 Hours 72 Hours
Pct of Density Size Density Size Density Size
Stretch (X 10 ppt/cm?) (A) (X 10% ppt/cm®) (A) (X 10" ppt/cmd) (A)
0 729 735 33.6 188.5 24.7 381.8
2 255 63.3 48.1 188.6 37.1 356.0
6 171 41.7 459 134.0 — —
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TableAlll. Densities and Sizes of T, Precipitates as a Function of Percent of Stretch and Aging Practice (153 °C)[37
2 Hours 16 Hours 72 Hours

Pct of Density Size Density Size Density Size

Stretch (<10* ppt/cmd) (A) (<10* ppt/cmd) (A) (X 10* ppt/cmd) (A)
0 0 0 3.78 1769.2 3.05 2704.5
2 2.78 243.2 17.2 1329.6 8.56 2227.3

6 15.7 668.2 55.6 1045.5 — —

Therefore, 4.83 X 10% atoms Li/cm?®. However, some Li Warrendale, PA, 1996, pp. 131-40. _ _

21. ASM Specialty Handbook, Aluminumand AluminumAlloys, J.R. Davis,

has been depleted from solid solution by the precipitation

of

& and T,. & is an L1,-ordered structure (AlsLi) and is

present as 80 A spheres with a density of 116 X 10* ppt/
cm®. Therefore, 1.89 X 10'° atoms Li in &' /cm®, °

T, isan hep structure {Al,CuLi) and is present as 800 A
platelets, which are 10 A thick*?l with a density of 33 X

10

4 ppt/cmd. Therefore, 1.56 X 10%° atoms Li in T,/cm®.

Therefore, approximate Li in solid solution for AA2090-
UA is4.66 X 10? atoms Li/cm®. Therefore, 4.66 X 10?* H
sites/cm?.
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