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RELATIONSHIP BETWEEN HYDROGEN CONTENT AND LOW
DUCTILITY IN ALUMINUM-LITHIUM ALLOYS

by
D. P. Hill and D. N. Williams

INTRODUCTION

An investigation supported by the Naval Air Systems Command
was initiated at Battelle in September, 1981, to determine whether the
ductility and fracture toughness of high-strength aluminum-1ithium
alloys could be improved by better control of hydrogen content.
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SUMMARY

Evaluation of laboratory-processed aluminum-magnesium-1ithium
alloys showed that a decrease in the hydrogen content of the alloys re-
sulted in a significant increase in ductility and toughness. The alloys
had a nominal composition of 3.4 percent magnesium, 1.9 percent lithium,
and 0.3 percent manganese and contained from 14 tc 45 ppm hydrogen. Com-
mercial aluminum alloys that contain more than 4 ppm hydrogen exhibit
considerable blistering, whereas the Al1-Mg-Li alloys prepared in this
investigation were free from blistering, indicating that much more hydro-
gen is retained in lithium-containing aluminum alloys thar in conventional
aluminum alloys.

Alloys were prepared under a controlled atmosphere using both
arc-melting and induction-melting procedures. The best control of hydro-
gen content was achieved using induction melting in a rapidly fiowing
argon atmosphere. Although the resulting ingot was not processed or
evaluated during this program, an induction-melted heat melted at 1300 F
in flowing argon resulted in an ingot that contained only 9 ppm hydrogen.

Hydrogen contamination was found to occur during processing of
the laboratory ingots to 0.040-inch-thick sheet. Hydrogen contents of
some of the alloys more than doubled during such processing. Measurements
of the hydrogen content of heat-treated sheet material after different
amounts of surface conditioning indicated that hydrogen contamination was
not restricted solely to the surface scale or to a very thin subsurface
layer. Hydrogen contamination was prevented in one alloy by conducting
all thermal treatments, including heating for forging and rolling, in an
arqgon atmosphere. Vacuum annealing of 0.040-inch sheet was relatively
ineffective in removing hydrogen. Moreover, some loss of magnesium
and/or lithium alloy addition occurred during vacuum annealing.

The origin of the detrimental effects of hydrogen was not Je-
tected during optical metallographic studies of heat-treated sheet speci-
mens from the series of hydrogen-containing aluminum-magnesium-1ithium
alloys. There was no evidence of a hydride phase in the microstructure,
nor were any unusual etching effects or evidence of other structural changes
observed that could be correlated with the differences in hydrogen content
that were present.



BACKGROUND

Compared with 2000- and 7000-series aluminum-base alloys,
aluminum-1lithium alioys that contain 1 to 3 weight percent lithium offer
a 10 to 30 percent increase in specific modulus (elastic modulus + den- i
sity).(l's) With comparable strength, this increase in specific modulus
represents an attractive potential for substantial weight reductivns in
aerospace structures. However to date, neither conventional ingot processes
nor powder-metallurgy processes have been successful in the production of a
usable alloy. Lew ductility and fracture toughness of the presently avail-
able aluminum<1ithium alloys have made their use impractical.

Consideraole research has beer directed toward improving the
ductility of these alloys, but 1ittle success has been achieved. Most of
this research has been directed toward alloy ar process modification spe-
cifically designed to inhibit planar slip, the facto jenerally considered
responsible for low ductility in these alloys. A Bat. ile-funded litera-
ture survey suggested that the poor ductility of aluminum-lithium alloys
might be caused by the formation of an extremely stable lithium hydride
phase (LiH) during ingot-casting and powder-production processes, not
planar s1ip.<6) Observaticns that led to that suggestion were:

(1) Lithium hydride is the most stable of the alkali-

metal hydrides. The reaction of pure lithium
with hydrogen at 1 atmosphere is spontaneous and
exothermic at all tcmperatures up to 1560 F.(7)
Lithium hvdride seems likely to be present in
aluminum-1ithium alloys processed such that
contact with moisture could occur.

(2) Aluminum-lithium alloys are reported to contain
cver 10 times the amount of hydregen normally ob-
served in high-strength aluninum-base alloys, but
usually they are not porous.(4)* An explanation

* Although ingots of aluminum-lithium alloys usually exhibit considerable
porosity, analysis of ingots after removal of the porous portions shows
the remainder to have an extremely high hydrogen content, even though
it is acceptable by normal aluminum-porosity standards.




for this observation could be that hydrogen is
present as lithium hydride. Hydrides at grain
boundaries could easily have escaped detection

by researchers who did not apply speciail techniques
for their identification.

(3) Vacuum heat treatments have been used by Soviet re-
searchers to reduce the amount of porosity in welds
made in thin-gage aluminum-magnesium-1ithium alloy
sheet (Soviet Alloy 01420).(8) Long-time high-
temperature, high-vacuum treatments were used for
this purpose, treatments not likely to be practical
for treating either powder compacts or large ingots.*

(4) The fatigue properties of the aluminum-copper-lithium
alloy 2020 are reported to show no evidence of the
environmental sensitivity common to other high-
strength aluminum-base al]oys.(4) Environmental
sensitivity usually is attributed to the absorption
of hydrogen released by reaction of moisture with
freshly exposed slip surfaces generated during
fatigue.(9) This observation suggests that 1ithium
inhibits absorption by reacting with the hydrogen
to produce a stable, nondamaging hydride layer on
the slip surface.

The presence of a hydride phase is known to cause low ductility
and toughness in otuer alloys, such as, for example, certain titanium
alloys.(lo) If LiH is responsible for the embrittlement of aluminum-
lithium 31loys, controlling the amount of hydrogen in aluminum-1ithium
alloys, thus by inference controlling the amount of LiH in the ailoys, should
improve ductility and toughness. The present investigation was undertaken
to confirm this conclusion. The following sections of this report describe
in detail the preparation and evaluation of a series of alloys designed to
determine the effect of hydrogen content on the properties cf an aluminum-
lithium alloy.

* The Tow permeation rate of hydrogen through solid aluminum, even just below
its melting temperature, would inhibit removal of hydrides from ingots.
Removal of hydrides from powder compacts would be inhibited by the diffi-
culty of achieving a higi vacuum within the internal voids of a powder
compact. )
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OBJECTIVES AND APPROACH

The objective of this research program was to determine whether the
ductility and fracture toughness of aluminum-lithium alloys could be improved
by reducing the hydrogen content of the alloys. The approach selected for
achieving this objective was to determine the effects of hydrcgen content on
the ductility and fracture toughness of a series of laboratory-produced alloys
having a range of hydrogen contents*. The alloy base selected for use in the
investigation was A1-3.5Mg-2.5L1-0.3Mn, an alloy that had been extensively
investigated in prior work described in the literature(4’5’8’]2).

Methods selected for controlling the hydrogen content in the aluminum-
lithium alloy included:

(1) Arc melting in a dry-argon atmosphere. Arc melting

was expected to be particularly effective in pro-
viding low hydrogen contents because of the multiple
melting and freezing cycles applied, the high tem-
perature anticipated at the point of arcing, and the
ability to both melt and freeze under a precisely
controlled atmosphere. It was planned to prepare
alloys with nigher hydrogen contents either by the
addition of lithium hydride to the charge or by
melting under a partial pressure of hydrogen.

(2) Induction melting and casting in a rapidly flow-

ing dry-argon atmosphere.

(3) Vacuum annealing of sheet material fabricated from

arc-melted buttons.

Following forging and rolling of the laboratory-melted aluminum-
Tithiun alloys to 0.040-inch-thick sheet and heat treating to the T6 temper,
specimens were prepared to permit the measurement of unnotched and notched
tensile properties. The ratio of notched tensile strength to unnotched yield
strength was used to assess fracture toughness. Hydrogen analyses of the
alloys were performed to pemit the relationship between hydrogen content and
ductility to be determined.

* (Qriginal plans were to vary the hydrogen content from less than 0.04 ppm,
the amount of hvdrogen soluble in solid unalloyed aluminum at its melting
point, to at least 0.77 ppm, an amount repor{ed to be present in a low-
ductility alloy described in the literature.\ll) This plan was altered as

the work progressed when it was found that the hydrogen content of aluminum-
1ithium alloys was much higher than reported in the literature.
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PROCEDURES

Melting

The 3.5Mg-2.5L1-0.3Mn alloys were prepared from commercial-purity
aluminum (29-plus percent aluminum), to provide impurity contents typical of
those in commercial high-strength alloys, and high-purity alloy additions.

Lithium was added in two forms, either as high-purity ingot material
from Foote Mineral Company or as an A1-19.5L1 master alloy from the Lithium
Corporation of America. The high-purity ingot material was handled with special
precautions so as to minimize opportunities for contamination with hydrogen.
The ingot was stored in oil prior te use. Sections cut from the ingot for use
in preparing the alloys were stored under o0il until immediately before melting,
at which time they were cleaned in alcohol and acetone to remove the oil film
and any decomposition products and charged within 1 minute into the melting
equipment. The master alloy, supplied in the form of pea-sized splat particles,
was received stored in argon and was handled in an argon-filled dry box. The
master-alloy particles were weighed in the dry box and sealed in the melting
unit before being removed from the dry box.

Magnesium was introduced as chips of high-purity ingot. Manganese
was introduced as chips of an Al1-10Mn master alloy prepared by arc melting at
Battelle from commercial-purity aluminum and high-purity manganese (Alloy 1).

Lithium hydride powder was added to three of the charges -- 0.16 per-
cent to Alicys £ and 10, and 0.32 percent to Alloy 11 -- in an ineffective
a2ttempt to alter the hydrogen content of these alloys. When this was done,
the lithium content ot the hydride was included in computing the 1ithium con-
tent of the charge.

Charges were made up with slight excesses of magnesium and 1ithiunm
co compensate for losses during melting. A series of preliminary trial melts
was prepared to determine approximate melt losses during arc meiting prior to
preparing the alloys intended for evaluation {Alloys 2 through 5).

Arc-melted buttons that weighed 50 grams were melted in a tungsten-
electrode electric-arc furnace with a water-cooled copper crucible, under one-
third atmosphere of argon., A1l charges for arc melting were made up using
1ithium-ingot material. To insure good homogeneity in the resulting arc-melted
pbutton and to facilitate hydrogen removal, each button wes melted six times,




flipping the button in the furnace between each melt. A static atmosphere was
used during the majority of the arc melts, but two of the buttons (Alloys 6 and
9) were melted under a slowly flowing atmosphere in an effort to facilitate
removal of hydrogen.

Three 300-gram induction-melted ingots were prepared in a
rapidly-flowing argon atmosphere in which the flow rate was controlled so as
to completely change the atmosphere in the melting unit four times per minute.
These ingots were melted either in zirconia or graphite crucibles and were
solidified in the crucibles upor completion of the melting period. Both the
total time that the charge was held in the molten state and the maximum tem-
perature achieved during melting were varied in an effort to control hydrogen
content and, in addition, one of the alloys (Alloy 15) was solidified, and
then remelited a second time. The form of the lithium used to prepare the charges
also was varied in an effort to achieve better control of the hydrogen content.

A summary of the melting practices used in the preparation of the
alloys is given in Table 1.

Fabrication

The arc-melted buttons were sectioned to provide a rectangular block
approximately 0.6 inch thick that was surface ground to remove all of the
original ingot surface and any visible cold-shut surface defects. Large near-
surface voids were observed in several of the buttons during the conditioning
operations; most of these were removed during conditioning. The blocks were
homogenized for 48 hours at 900 F in a sealed Vycor capsule containing dry
argon,

The conditioned-and-homogenized blocks were press forged to a thick-
ness of 0.25 inch at 850 F, with the workpiece beiny reheated after each forging
reduction. Relatively light reductions were used, particularly at the start
of the forging process, and frequent surface conditioning was carried o't during
the forging process so as to remove cracks that developed during forging.

Alloys 6 through 8 were heated in an air atmosphere for forging, but the
atmosphere was changed to a flowing-argon stmosphere for the other alloys in
order tc rimmize surface contamination during furging. Material losses be-
tve2n the button and completion of the forging process were relatively high
uvcause of the extensive amount of conditionine required throughout the
process.
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The forged billets were rolled from 0.25 inch thick to 0.040 inch
thick at 850 F in a two-high rolling mill with 3.5-inch-diameter work rolis,
using reductions of up to 15 percent per oass. Alloys 6 through 8 were heated
in an air atmosphere for rolling, whereas the other alloys were heated in a
flowing-argon atmosphere in ar effort to reduce surface contamination. Some
grinding was necessary between passes during the hot-rolling process to remove
surface and edge cracks, but material loss during the rolling process was not
excessive. Alloys 6 through 8 were ground using a wet-belt grinder; the other
alloys were ground dry to reduce opportunities for surface contamination.

Only one of the induction-melted ingots, Alloy 15, was fabricated
to sheet. A rectangular biock approximately 0.8 inch thick was cut from this
ingot and homogenized in an argon-filled Vycor capsule for 12 hours at
900 F, 4 hours at 950 F, and 48 hours at 1000 F. The ionger time, higher
temperature homogenizing treatment was used because of the low freezing rate
that the induction-melted ingots encountered upon solidification in the melting
crucible and the opportunity it provided for considerable coring to occur. The
homogenized block from the induction-melt ingot was fabricated to 0.040-inch-
thick sheet by forging and rolling using techniques similar to those described
above for the arc-melted buttons. All heating for forging and rolling was
carried out in a flowing-argon atmosphere, and all conditioning was done by
dry grinding.

Sheet fror ~1loys 6 through 8 was solution heat treated for 10 minutes
at 950 F, water quenched, and aged for 36 hours at 375 F. This treatment was
selected, on the basis of a review of published information on alloys similar
to the A1-3.5Mg-2.5L1-0.3Mn alloy, to produce the fully aged T6 temper. Al
heat treatments of Alloys 6 through 8 were performed in air. Heat treatments
w2re modified slightly for the remainder of the alloys following a orief labora-
tory study undertaken to determine whether the hardness could be increased by
an alternate heat treatment. Although this study suggested that increases were
only marginal, a revised treatment was applied consisting of solution heat
treatment for 20 minutes at 1000 F, water quenching, and aging for 48 hours
at 375 F. This treatment was conducted in a flowing-argon atmosphere.

Sheet from one of the alloys, Alloy 10, was vacuum annealed prior to
solution heat treatment and aging, in an attempt to produce a very low hydrogen
content. This material was heated in an evacuated chamber at a pressure less
than 10'3 mm Hg and annealed, with continuous evacuation, for 48 hours at 1000 F.
The sheet was cooled to room temperature in the vacuum chanmber.

— PP P PR ta —mAo® at o —a o m a s m ma - A e s
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Evaluation

Chemical analyses were performed to determine both the metallic-
element content and the hydrogen content.

Metallic elements were determined by emission-spectrographic analysis
at a commercial testing laboratory. Analyses of as-cast material were performed
for both the major alloying elements and for the common impurities fn aluminum,

Preliminary information suggested that reliable determination of hydro-
gen in aluminum-1ithium alloys was likely to prove difficult, and a telephone
survey was made to determine what procedures were available and the probable
reliability of each. On the basis of this survey, the Boeing Aerospace Company
was selected to perform the hydrogen analyses. The sensitivity of the Boeing
equipment was reported to be 5 ppb by weight(]3), and the reproducibility and
accuracy of the equipment had been proven with NBS standards(]4). Also, it
appeared that this equipment was not likely to be adversely affected by the
presence of Tithium in the alloy to be analyzed. Hydrogen analysis in the
Boeing equipment consists of the following steps:

- (1) Hydrogen is liberated from the specimen by induction
melting in a zirconta boat.

(2) The liberated hydrogen is carried in a flowing high-

purity-argon gas stream to a semipermeable paliadium
membrane (the membrane is permeable to hydrogen, but
not argon).
{3) Hydrogen passes through the membrane into a high-
vacuum chamber (10'9 mm Hg).
(4) The quantity of hydrogen introduced into the chamber
is determined from measurement of the vacuum-pump
current required to maintain the vacuum,
The results of the initial analyses performed with the Boeing equipment indi-
cated that the hydrogen content of the alloys was much higher than had been
anticipated so, as a check of the Boeing procedures, duplicate analyses were
carried out using Battelle's ITHAC-01 Hydrogen Determinator. This equipment
has a sensitivity of 10 ppb and a reproducibility of ¥ 0.1 ppm, but is not
well suited to the hydrogen analysis of materials that contain metallic elements
that volitilize readily during melting. Although the Battelle equipment re-
quired extensive cleanup after use, analyses of several of the samples
previously analyzed with the Boeing equipment confirmed the accuracy of the
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Boeing results. Hydrogen analyses were performed using samples from both as-
cast ingots and heat-treated sheet.

Microstructural studies were performed on metallographic specimens
prepared from as-cast material, homogenized material, and heat-treated
sheet. These studies included examination of grain size, precipitate
distribution, the type and distribution of secondary constituents, and frac-
ture characteristics. Efforts also were made to determine in what form hydro-
gen was present in the alloys, whether in solid solution or as a precipitated
phase, but these efforts were unsuccessful.

Specimen configurations used to measure unnotched and notched ten-
sile properties are shown in Figure 1. Because of material limitations, prop-
erties of the arc-melted allcys were determined by single tests. However, for
Alloy 15, the induction-melted - vy, sufficient material was available for the
preparation of duplicate specimens, and the results of those duplicate tests
were in reasornable agreement. Unnotched tensile specimens were tested at a
crosshead speed of 0.01 inch per minute; notched tensile specimens were tested
at a speed of 0.0025 inch per minute.

N T
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RESULTS

The chemical compositions of the seven alloys that were fabri-
cated to sheet are given in Table 2. The average composition of these
alloys was Al1-3.4Mg-1.9L1-0.3Mn, which was somewhat different from the
desired composition, A1-3.5Mg-2.5Li-0.3Mn. The lithium contents of the
seven alloys were nearly identical, although appreciably less than was
desired. This condition resulted in lower strength in the alloys, but
did not adversely affect the assessment of the relationship between hydro-
gen content and ductility. The magnesium contents of the seven alloys
showed appreciable variation, ranging from 2.9 to 3.8 percent. However,
the variation in magnesium content did not interfere with the analysis of
the effects of the variation in hydrogen content.

TABLE 2. CHEMICAL COMPOSITION

o

Alloy Content, weight percent

Alloy Mg L1 M Si Fe Cu In Ni Cr il
6 3.52 2.05 0.31 0.14 0.43 0.13 0.04 <0.01 <C.01 <0.01
7 3.23 1.88 0.31 0.12 0.41 0.12 0.02 <0.01 <0.01 <0.01
8 2.92 1,90 0.31 ©C.: 0.41 0.12 0.02 <0.01 <0.01 <0.01
9 3.6 1.98 0.28 0.20 0.44 0.08 0.07 0.07 0.06 <0.01
10 3.2 1.9 0.28 0.24 0.5 0.12 0.03 0.07 0.04 <0.01
11 3.18 1.95 0.29 0.40 O0.54 0.14 0.05 0.07 0.05 <0.01
15 3.80 1.90 0.28 0.16 0.43 0.19 0.02 <0.01 <0.01 <0.01

Target 3.50 2.50 0.3C
Composition

The results of hydrogen analyses performed at Boeing are given i

n

Table 3. Analyses of the first three arc-melted alloys were performed using

samples cut from both the as-cast buttons and heat-treated sheet (T6 temper).
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The latter samples were examined after three different types of surface
preparation; none, light abrasion, and heavy abrasion. It is estimated
that as much as 0.005 inch of metal was removed from each surface during
heavy abrasion (mea.urements of the amount of metal removed were not made.)
As is shown in Table 3, it appeared that appreciable hydrogen had been
absorbed by these three alloys during processing, and that the absorbed
hydrcgen had diffused a considerable distance below the surface. Analyses
of the second group of arc-melted alloys, Alloys 9, 10, and 11, were
limited to samples of lightly abraded sheet in the T4 condition.* Both
as-cast and sheet samples (T4 temper) of induction-melted Alloy 15 were
analyzed. Interestingly, Alloy 15, which was forged, rolled, and heat
trcated in a flowing-argon atmosphere, did not appear to have absorbed
significant hydrogen during processing. The hydrogen content of two induction-
melted alloys that were not fabricated to sheet also are included in
Table 3. Comparison of the hydrogen contents of the three induction-
melted alloys provided two tentative conclusions about the effectiveness
a7 the changes in induction-melting practice used to control the hydrogen
content. Alloy 12 was prepared with lithium from the lithium ingot,
whereas the other two alloys were prepared using the aluminum-1ithium
master alloy. Even though the melting practices for Alloy 12 were less
well controlled than for the other two, the resulting ingot had a lower
hydrogen content, presumably as a consequence of the difference in the
form in which the 1ithium addition was made. The differences in hydrogen
content between Alloys 13 and 15 are considered likely to have resulted
from double melting and the difference in the melting temperature (see Table 1).
Because of the significant absorption of hydrogen that occurred
in the alloys during processing, and the observation that this hydrogen
was not located at the surface but had diffused an appreciable distance
into the material, it was concluded that comparisons of the relationship
between hydrogen content and ductility should be based on hydrogen con-
tents measured in 1ightly abraded heat-treated sheet (T4 or T6 temper).
The vacuum~annealing treatment applied to Alloy 10 resulted in
only a moderate reduction in hydrogen content. This alloy was processed

* Surface reactions during aqing at 375 F were not considered likely to
result in subsurface hydrogen contamination. Therefore it was assumed
that the hydrogen content of an alloy couid be determined using mate-
rial in either the T4 or 76 temper.
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in the same manner and at the same time as Alloys 9 and 11, and it is
presumed that the hydrogen content in this alloy prior to vacuum anneal-
ing was about 28 ppm. If so, only about 8 ppm hydrogen was removed by
the lengthy vacuum-annealing treatment applied to sheet material prior
to heat treatment. However, as is indicated below, vacuum annealing
had a significant effect on properties as a consequence of removal of
alloying elements.

The results of unnotched and notched tensile tests of the Al-Li
alloys in the T6 temper are given in Table 4. With the exception of
Alloy 6, which had a rolling lamination in the gage length of the un-
notched tensile specimen, and Alloy 10, which was vacuum annealed prior
to heat treatment, the alloys exhibited very similar tensile strengths,
approximately 56 ksi. The differences in strength that were observed
did not correlate with differences in magnesium content (see Table 2).
Differences also were observed in yield strength among the alloys. As is

shown 1n‘Figure 2, the yield strength decreased slightly with decreasing hy-

drogen content. (Alloy 6 was included in this figure on the assumption that
the rolling lamination that ied to premature failure was not likely to
have affected the yield strength significantly.) The tensile-elongation
values of the six arc-melted alloys were quite similar, with the exception
of Alloy 6 that failed prematurely as a result of a rolling lamination in
the gage section. Alloy 15 exhibited appreciably higner elongation. This
is attributed to its lower hydrogen contant, not the fact that it was
induction melted. A1l seven of the alloys showed a flat, intergranular
tensile fracture with relatively little evidence of necking prior to frac-
ture. The most necking was observed in the tensile specimen from Alloy 10,
the alloyv that was vacuum annealed. That alloy also exhibited much lower
tensile strengtn and yield strength than did the others. Microstructural
examination of the vacuum-annealed-and-heat-treated sheet suggested that
the difference in properties was related to removal of magnesium and/or
1ithium during vacuum annealing; also, considerable porosity wa; evident
in the material.

The notched tensile strength appeared to increase as the hydro-
gen content decreased, although there was some variation among alloys of
similar hydrogen content (this variation did not appear to be related to
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TABLE 4. MECHANICAL PROPERTIES OF ALLOY SHEET IN THE Té TEMPER

Tensile Yield Eiongation in Notched

Alloy Strig?th’ S§:$?§§h’ légrégﬁt’ ;:2:;;§h NTS/YS
6 44.7(b) 39.6 1.5(b) 43.6 1.10

7 55.9 40.3 3.0 46.6 1.16

8 59.2 39.6 4.0 48.5 1.22

9 54.1 38.3 3.5 48.7 1.27

10(c) 35.2 23.9 4.0 40.8 1.71

11 55.7 38.8 3.0 45.8 1.18

15(d) 558 35.8 7.5 150.8 1.42

——

(a) Determined at 0.2 percent offset.
(b) This value is low because the specimen failed along a lamination.

(c) Vacuum-annealed alloy.

(d) Average of duplicate tests.
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differences in magnesium content). The average rotched tensile strength
for the three alloys that contained about 43 ppm hydrogen (Alluys 6, 7,
and 8) was 46.2 ksi. The average notched tensile strength fcr the two
alloys that contained about 28 ppm hydrogen (Alloys 9 and 11) was 47.2 ksi,
and the notched tensile strength of Alloy 15 that contained only 14 ppm
hydrcgen was 50.8 ksi. Even greater differences were aoparent in the
ratio of notched tensile strength to yield strength, the value most fre-
quently used to assess the fracture toughness cf aluminum-Tithium alloys,
as a function of hydiogen content. As is shown in Figure 3, as the hydro-
gen content decreased, the ratio of notched tensile strength to yield
strength increased.

A1l of the alloys exhibited a coarse, equiaxed grain structure
as fully heat treated (76 temper), indicating that the manganese additicn
was not effective in inhibiting recrystallization during processing. The
grain size is shown in Table 5. A1l of the alloys except Alloy 10
exhibited about the same ¢rain size. Alloy 10, which was vacium annealed,

TABLE 5. GRAIN SIZE NF THE ALLOY
SHEET IN THE T6 TEMPER

—

Average Grain

n1loy Diameterld)  irches
6 0.0017
7 0.0920
8 .0018
9 0.0015
10 0.0053
11 0.0016
15 0.0013

(a} Line-intercept rethod.
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had an appreciably coarser grain size. All of the alloys also exhibited

at least two primary intermetallic phases. One was an Al-Fe-Si phase;

the other was tentatively identified as the Al2LiMg-phase. This phase

was extremely reactive and corroded rapidly when exposed to the atmo-
sphere. Also, it was easily removed during netaliographic preparation.
Relatively coarse grain-boundary precipitates were also apparent in tne
heat-treated material. There appeared to be either fewer or finer grain-
boundary precipitates in Alloy 15 than in the others. This was surprising
in view of the higher magnesium content of this alloy and may indicate that
decreasing the hydrogen content of Al-Mg-Li alloys reduced the tendency for
grain-boundary precipitation.

No differences in microstructure were detected as a function
of the differences in hydrogen content other than the difference in the
nature of the grain-boundary precipitate noted above. There was no
apparent difference in general staining behavior or in the rate of grain-
boundary etching that might be attributed to the presence of a sub-
microscopic hydride phase.

The results of studies directed toward determining the optimum
heat treatment for the A1-3.4Mg-1.9Li-0.3Mn alloy are shown in Tables €
and 7. There was little change in microstructure among specimens solution
heat treated at 900 F, 950 F, and 1000 f, as is shown in Table 6. How-
ever, solution heat treatment of 1050 F caused growth in the size of the
p-imary AlzLiMq intermetallic particles. The depth below the surface that
evidence of dealloying could be detected increased with both increased
solution-heat-treatment temperature and increased time. The hardness of
the alloy, measured after aging for 36 hours at 375 F, increased slightly
when the solution-heat-treatment temperiture was ircreased from 900 F to
50 F, but remained essentially the same with further increases in the
solution-heat-treatment temperature. The hardness of the alloy also in-
creased when the solution-heat-treatment time at 950 F was increased from
10 to 60 minutes, but was unaffected by a further increase of the solution-
heat-treatment time to 240 minutes. It was alsn observed that variation
in the solution-heat-treatment conditions affected the susceptibility of

the metallographic specimens to staining upon exposure to the environment.
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The longer the time or the higher the temperature of solution heat treat-
ment, the less staining was observed upon exposure. On the basis of the
above investigation, solution heat treatment for 20 minutes at 1000 F was
selected for use in heat treating Alloys 9 through 15.

The effects of aging time at 375 F on the hardness of specimens
solution heat treated 20 minutes at 1000 F is shown in Table 7. Maximum
hardness appeared to be achieved after aging for approximately 48 hours.

TABLE 7. EXAMINATION OF THE EFFECTS OF AGING TIME ON HARDNESS

Alloy Aging Time, hours () Knoop Hardness (500-Gram Load)
S 10 144
24 145
48 ‘ 150
72 148
10(b) 10 144
24 146
48 147
72 146

(a) Tne specimens were solutfon heat treated for 20 minutes at 1000 F.

(b) Vacuum annealed prior to solution heat treatment and aging.
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DISCUSSION QF RESULTS

For the A1-3.4Mg-1.9L1-0.3Mn alloy selected for investigation in
this work, reducing the hydrogen content from 43 to 14 ppm reduced the yield
strength from 39.8 to 35.8 ksi and increased the ratic of notched tensile
‘strength to yield strength from 1.10 to 1.42. The relationship between the
yield strength and the toughness parameter for six of the alloys evaluated* is
plotted in Figure 4 on a graph reproduced from an earlier investigation in
which yield strength/toughness relationships were investigated for a series
of A1-Mg-Li alloys. It is evident from the trend line for the data from
the present work that reducing the hydrogen content of the Al1-3,4Mg-1.9Li-
0.3Mn alloy resulted in a significant increase in toughness; the siope of
the trend line was appreciably steeper than that of the trend 1ine for com-
mercial high strength aluminum-alloy extrusions. The position of the data
on the graph relative to the series of Al-Mo-Li alloys evaluated in the
prior work 1s not considered too significant. The alloys evaluated in prior
work were extruded at 70C F from 6-inch-diameter direct-chill ingots and
thus, would be expected to exhibit appreciable improvements in properties
as a consequence of superior melting practice, greater breakdown of the
cast structure, and deformation strengthening.

Interestingly, as is apparent in Figure 4, the slope of the trend
line representing the alloys evaluated in the present work {s very similar
to that shown for several of the lower strength alloys evaluated in the prior
work, It was suggested in that work that the trend line for low-strength
A1-Mg-L1 alloys was intrinsically higher than that for high-strength alloys,
and that a transition occurred in the slope of the trend line, when evaluated
over a series of alloys of different composition, at a yield strength of about
45 ksi. Higher strenath alloys were reported to exhibit a much flatter trend
1ine, such as that shown for Alloy 1 in Figure 4. However, examination of
the data in Figure 4 suggests that that was not generally true, and that most
of the alloys, regardiess of yfeld strength, exhibited a steep trend line;
see, for example, the dashed line representing a redrawing of the trend line
for Alloy 9, which exhibited a yield strength (average) of 56.9 ksi. Only
two of the alloys, 1 and 2, clearly exhibit a trend iine with a slope similar
to that of the commercial extrusion.

* Data for Alloy 10, which was vacuum annealed, was not ircluded.
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The similarity of the slope of the trend line for the data from
the present work and that observed for the majority of the alloys evaluated
in the prior work suggests that the variation in toughness and strength ob-
served in the prior work may aiso have been due to variations in the amount
of hydrogen present in the alloys. The seven data points per alloy presented
in Figure 4 for most of the alloys from the prior work represent tests of
specimens from each alloy solution heat treated over a range of temperatures
between 800 F and 950 F. In most of the cases in which a steep trend line
was observed, assuming reasonable scatter in test data, lower toughness and
higher yield strength were observed in specimens heat treated at the higher
temperatures. This behavior suggests three possible explanations for the
variation in properties observed in the alloys. First, hydrogen may have
been absorbed during solution heat treatment, the amount absorbed increasing
with temperature. Second, heat treatment may have resulted in a more uniform
distribution of near-surface hydrogen contamination developed during process-
ing, the amount of redistribution increasing with temperature. Third, the
hydrogen content may have varied along the length of the 2-inch-diameter
extruded rods from which specimens were obtained. Such variations may
have resulted from variations present in the 6-inch diameter direct-chill
ingot from which the rods were extruded or may have been developed as a
result of hydrogen contamination during processing. Presumably, specimen
location in the rod was not randomized. [¥ not, all specimens heat
treated at a given temperature may have come from the same portion of the
extrusion (for example, the front end of the extruded rod).

1f, as seems 1ikely based on the present work, the toughness/yield
strength variation observed in the prior work as a function nf solution heat
treatment temperature is related to hydrogen content, it is clear from Fig-
ure 4 that reductions in hydrogen content could readily result in combina-
tions of toughness and yield strength for Al-Mg-Li alloys of optimum com-
position and processing history that equal or exceed values presently
available in comnercial high-strength-alloy extrusions.
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CONCLUSIONS

Hydrogen contents in laboratory-processed Al-Mg-Li alloys were

much higher than in commercial aluminum alloys. (Measured by the
same analytical technique as that used in this work, hydrogen con-
tents of commercial alloys are less than 4 ppm.(ls))

A reduction in the hydrogen content of Al-Mg-Li alloys resulted in a
small decrease in yield strength and a significant increase in duc-
tility and toughness. Further reductions in hydrogen content, greater
than these achieved in this work, would be expected to result in
further increases in ductility and toughness.

The hydrogen content of Al-Mg-Li alloy ingots was reduced by improve-
ments in melting and casting procedures, but control of hydrogen
content in these alloys is much more difficult than in conventional
alloys.

Hydrogen contamination occurred during processing of Al-Mg-Li alloys.
Although hydrogen contamination was more severe near the surface,
hydrogen was not present sclely in a thin surface layer, but signif-
icant penetration into the alloys occurred.

Vacuum annealing was a rela:ively ineffective process for removing
hydrogen from Ai-Mg-Li allcve., In addition, some magnesium and/or
1ithium was remcved from the ailoys during vacuum annealing, an un-

desirable effect.




28

*  RECOMMENDATIONS

Development of melting procedures to produce low-hydrogen aluminum-
1ithium alloys should continue. An induction-melted Al-Mg-Li alloy ingot
that contained only 9 ppm hydrogen was cast successfully in the present work,
although not evaluated, and further improvements in induction-melting practices :
would be expected to result in even lower hydrogen contents. Efforts should !
be made to develop optimum induction-melting practices for the Al-3.4Mg-1.9Li- !
0.3Mn alloy with the objective of reducing the hydrogen content to less than
4 ppm. The effectiveness of the optimized practice for the producticn of §
low-hydrogen Al-Cu-Li or Al-Cu-Li-Mg alloys should also be investigated.

Additional work is needed tu define more exactly the source of
hydrogen contamination during processing, the kinetics of absorption, and
ways in which contamination can be prevented. The present work has sujgested
that contamination can be reduced significantly by relatively simple chanqges
in fabrication procedures, such as carrying out all thermal treatments inan i
inert atmosphere, The effectiveness of this process change should be confirmed.

Finally, 1t is recommended that an intensive effort be made to
determine how hydrogen affects the ductility and toughness of Al-Li alloys, i
whether through solid solubflity, hydride formation, or interference with
precipitation processes. These studies could most readily'be carried out
using a binary Al-L{ alloy* to reduce the compiexity of the microstruc-
ture and to facilitate the identification of the behavior of hydrogen in
the alloy.

* Modified with Zr or Mn to inhibit recrystallization during processing.
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