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ABSTRACT

Aluminum-lithium based alloys have shown promise as high
strength, high modulus, low density alloys, but suffer from
low toughness levels currently unacceptable in aerospace design.
The present study was directed toward increasing the fracture
toughness of such alloys in sheet form, primarily through alloy-
ing. Attempts to increase fracture toughness were made through

modification of the fracture-controlling Al Li precipitate,

addition of dispersoid forming elements, and the use of co-
precipitation of other phases. Alloying additions investigated
include copper, magnesium, silicon, manganese, iron, scandium,
gallium, and silver. Tensile test results and fracture behavior

of these alloys as a function of temper are reported.

The copper-containing alloy showed the best fracture
behavior with moderate strength. Other additions generally
resulted in increased strength but no improvement in ductility
or crack propagation energy over that of the binary alloys.
Analysis indicated that the brittle fracture behavior is asso-
ciated with grain boundary or subgrain boundary failure. High
hydrogen levels, inherent planar slip, and (sub-)grain boundary
precipitate-free-zones which grow with aging appear to be

factors in the grain boundary or subgrain boundary weakness.
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INTRODUCTION

The addition of 2-3 wt. % lithium to aluminum results in

lower density, increased modulus of elasticity, and a potential

(1-4] These

for high strength through precipitation hardening.
properties make the development of such alloys highly de-
sirable for airframe and other uses where weight is a critical
factor. However, fracture toughness for these high lithium
alloys is low compared with commercial high strength aircraft
The present work is directed toward investigation
of mechanisms for increasing the toughness of alloys in this
system, with emphasis on ternary or higher-order alloying

additions.

The basic strengthening mechanism of aluminum-1lithium
binary alloys is the formation of the metastable precipitate
6' (Al3Li). This precipitate has an ordered, face-centered
(6,7}

6!

forms spherical precipitates, which are fully coherent with

cubic crystal structure of the CujAu type (Llp).

the «~Al matrix with a very small lattice mismatch.[S] This
particular precipitation mechanism is not seen in other /
aluminum-based systems, but is analogous to the equilib¥ium
y-y' (Ni-NijAl) system, which gives nickel-based superalloys
high temperature strength and ductility.

However, the aluminum-lithium precipitate system, with
its small lattice mismatch and low matrix-precipitate inter-
facial energy, is responsible for the low ductility and
fracture toughness observed in these alloys. In an ordered
structure (superlattice) such as &', the passage of a single
dislocation through the lattice creates a disturbance in the
order, resulting in an antipbase boundary (APB). The extra
energy associated with the APB is an impediment to dislocation
movement and is increasingly important as a strengthening
mechanism when coherency strains are small.lg] The passage of

a second dislocation recreates the order disturbed by the
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first, and, thus, dislocations in such an alloy tend to move in

pairs (or superdislocations).

After the passage of a superdislocation, the cross-section
area of the precipitate on the slip plane is reduced by an
amount proportional to the Burgers vector and the precipitate
radius. The precipitate size is then effectively reduced on
that slip plane, and the APB required for subsequent dislocation

movement is smaller. Thus once slip occurs on a particular
plane, further slip on that plane is encouraged. Consequently,
intense planar slip occurs during deformation, leading to dis-
location pileups at grain boundaries and subsequent grain
boundary failure. Severe planar slip and intergranular fracture,

with associated low ductility and toughness, are therefore an

inherent characteristic of aluminum-lithium binary alloys.

Lithium has seen limited use in commercial alloys. AA2020,

developed by Alcoa, contained approximately 1% lithium. The
alloy is no longer produced, primarily due to casting diffi-
culties and problems with toughness. The Soviets have developed
VAD 23 and alloy 01420. VAD 23 is an Al-Li-Cu alloy with 1.2%
lithium; 01420 is an Al-Li-Mg alloy with nominally 2% lithium.
Both alloys have fairly low ductility.

The current program has investigated alloys of higher
lithium content in order to take full advantage of the bene-

ficial effects of lithium on density and elastic modulus. The

|
|

initial phase of this program involved the development of

methods for producing sheet. The casting and rolling of highly

alloyed aluminum-lithium ingots present some difficulty.[lo'lll

{
i

The casting of a sound ingot is a problem which first must be
solved. Loss of lithium, porosity, and high hydrogen content
are the primary problems. This is due to the high reactivity
of lithium with oxygen and hydrogen. Oxidation of the melt
results in a loss of lithium and the formation of a surface
oxide layer including LiO2.Al50;, which does not inhibit the
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reaction of aluminum with water vapor in the furnace
(12,13] This factor and the affinity of lithium
for hydrogen result in an immediate increase of hydrogen
level when lithium is introduced into the melt. [10s13-15]

We have approached this problem of ingot quality by casting e
} under vacuum or argon atmosphere. The development of casting
techniques to produce a sound ingot is presented as Phase I
in Section 2.

] atmosphere.

oy

Approaches that have been taken for improving toughness
involve encouraging dislocation cross-slip or precipitate by-
passing in the alloys. This includes modification of the
Al-Al,Li system lattice parameters to increase mismatch, intro-
duction of other precipitation systems, and use of a dispersion

hardening system in addition to the precipitation hardening
system.

Phase II involved a preliminary survey of several Al-Li-X
systems. Several small extrusions produced at the Naval
Surface Weapons Center (Silver Spring, Maryland) were used for

this investigation. Systems examined included the aluminum-
lithium binary system and aluminum-lithium alloys containing
scandium, gallium, magnesium, manganese, or silver. Additions
of zirconium and bismuth were also investigated.

The basic systems investigated are presented in Table 1-1,
along with the primary strengthening mechanisms involwved. The
various mechanisms are described in more detail in Section 3,

o SR

along with the complete analyses of the extrusions produced in
Phase II.

oo -

Based in part on the results of Phase II, we selected for
Phase III compositions to be cast as 10-1b bookmold ingots and
rolled to sheet. The compositions included aluminum and lithium [
alloyed with magnesium and silicon, copper, and manganese with P

and without iron. The systems investigated and corresponding
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strengthening mechanism are listed in Table 1-2. The analysis

of sheet produced in Phase III1 is presented in Section 4.

Aging studies at various temperatures were conducted on
both extruded and sheet material. Mechanical testing included
the testing of tensile and yield strength and percent elongation.
In addition Kahn tear tests were used to obtain comparative
toughness levels of the sheet product.

Section 5 includes a summary of conclusions drawn from
this work and recommendations for future work.
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TABLE 1-1

ALLOY SYSTEMS INVESTIGATED IN PHASE II (EXTRUSIONS)

Alloy No.

Aim Composition

Primany Mechanisms Involved

1,2,3,11

Al-3.0Li

Base properties of binary
system,

Al-2.6Li-2.5Sc
(2.1Li-2.08c)

Substitution of scandium for
lithium in Al;Li to alter
lattice parameter.

Al-3.0Li-5.0Ga
(2.5Ga)

Substitution of gallium for
aluminum in AlsLi to alter
lattice parameter.

Al-2.1Li-2.0Sc-2.5Ga

As above for scandium and
gallium.

10

Al-3.0Li-1.5Mn

Dispersion strengthening by
MnAly; encouraging cross-slip.

12
13

Al-3.0Li-2.5Mg
(1.5Mqg)

Solid solution strengthening.

15

Al-3.0Li-1.5Mg-1.5Mn

Dispersion (MnAlg) and solid
solution strengthening.

Al-3.0Li-3.0Ag

Modification of Al3Li

Cast and extruded by Naval Surface Weapons Center (NSWC).
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TABLE 1-2

m e g i e

ALLOY SYSTEMS INVESTIGATED IN PHASE III (SHEET)

AlLoy No. Aim Composition Primany Mechanisms Tnvolved ;;
_ . Base properties of binary 4
22 Al-3.0Li-0.12r system.
26 Al-3.0Li-0.12r-0.005Bi | Tie up sodium with bismuth.
10 Al-3.0Li Binary system (HIP).
19 Al-2.2Li~-2.0Cu 6" + 6' precipitation.
20 6063 type + 3.0% Li MgzSi + &' precipitation. é
21 6061 type + 3.0% Li MgzSi + &' precipitation. 3
Dispersion [(Mn,Fe)Alg] Y
23, 24 Al-3.0Li-1.5Mn-1.5Fe strengthening to encourage £
cross-slip.
Dispersion (MnAlg)
25 Al-3.0Li-1.5Mn strengthening to encourage
cross-slip.

-
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PHASE I: DEVELOPMENT OF CASTING PROCEDURES

The casting of a sound ingot is the first requirement for
production of aluminum-lithium wrought products. As discussed
earlier, the high reactivity of lithium with oxygen and hydro-
gen leads to poor lithium recovery, porosity, and high hydrogen
content. Our approach to this problem was to melt and cast
under argon atmosphere or vacuum.

Experimental Procedure and Results

A summary of the various casting conditions that were
tried during this period and the resultant ingot chemical
analyses are presented in Table 2-1,

The first four trials involved solidification within the
crucible used for melting. A trial melt of 7050 in vacuum
(melted and solidified three times) resulted in almost total loss
; of magnesium and zinc. The three subsequent trials involved
‘ the addition of elemental lithium sealed in AA3003 alloy tubes
to 99.99% (superpurity) aluminum. Very high hydrogen levels
were recorded, and lithium recovery was low. Much porosity
was evident. There was a reaction of the melt with the cruci-
} ble walls, using both clay-graphite crucibles and clay-graphite
crucibles with a refractory "terra paint" coating. The cru-
cibles had to be destroyed to remove the ingots. The high

hydrogen levels were most likely due to the use of elemental
lithium and the lack of fluxing.

Subsequent trials were conducted by melting under vacuum,
fluxing with argon, and casting as bookmold ingots under an L
argon atmosphere. The use of an 18.5% lithium hardener (Foote
Mineral Company) resulted in fairly high hydrogen levels. Use
of a 9.5% lithium hardener (KBI*) resulted in lower hydrogen
readings and significantly better lithium recovery.

. i
*Kawecki Berylco Inc. .
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Lithium recovery in the later castings was typically
0.5 wt. % less than the level in the charge. To obtain a
3.0% lithium recovery, it was necessary to add 3.5% lithium
to the charge. A remelt casting (#9) showed a better lithium
recovery but higher hydrogen content.

A beryllium addition (0.005%), #12 and #14, failed to
significantly enhance the lithium recovery. Beryllium was
added in an attempt to produce an oxide layer on the melt to
inhibit the oxidation of lithium. Though beryllium improves
oxidation resistance of some alloy melts, these results are
supported by Soviet research, which indicates that lithium

negates the effect of beryllium.[lzl

In general our hydrogen values have improved with
refinement of casting procedure. The later castings show
typically 0.11 to 0.86 ml/100 g hydrogen, with the lowest
readings near the bottom of the ingot. This compares favorably
with other studies of casting of aluminum-lithium alloys.
Values obtained by British Aluminium are given for reference
in the table below. Note that British Aluminium obtained
lower hydrogen readings in castings containing beryllium.

LiZhium | BeryZlium | Hydrogen

i Producen (%) (%) (m£/100 g)
2.33 0 2.43
[10] 2.63 0 1.97
British Aluminium 1.95 0 1.63
2.50 0.005 1.26
1.64 0.01 0.86

some hydrogen porosity is expected, however, since porosity
generally is associated with hydrogen levels above

approximately 0.12 ml/100 g.

Sodium levels have been excellent (<0.0004%) for all i
castings, and the potassium level in the one ingot analyzed |

appeared to be good (<0.0005%). 1In contrast calcium levels i

IR NS 2 P
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were 100 times greater. It is expected that any effect of high
calcium would be negative due to possible segregation to grain
boundaries. The use of a new lithium hardener in Phase III
reduced the calcium level to 0.001%.

Radiographs of the ingots showed gross porosity in the
early ingots. The later ingots showed much less porosity,
though generally the top 20%-50% of each ingot had to be
scrapped to avoid porosity.

Discussion and Conclusion

The final casting procedure developed for casting 10-1b
bookmold ingots is as follows. The charge is made up from
alloy hardeners and 99.99% aluminum (superpurity) ingot. The
charge is melted under vacuum in an induction-heated, machined
graphite crucible. Thermocouples in the crucible and flux wand,

and attached to the load, are used to prevent overheating. No
cover flux is used.

A 45-minute argon flux is used to remove hydrogen and
promote thorough mixing of the melt. The furnace is backfilled
with argon to atmospheric pressure, and the melt is poured at
approximately 1280°-1290°F (693°-698°C) into a steel bookmold.
The resulting ingots are approximately 2 5/8" x 7" x 6".

Chemistry and hydrogen levels of the ingots have been
shown to be controllable, though hydrogen levels are above

the limits for commercial aircraft alloys. Porosity remains

a problem and was handled in this work only by removing that

part of the ingot which shows significant porosity.
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PHASE II: PRELIMINARY SURVEY OF ALLOY SYSTEMS

Introduction

A preliminary survey of several alloy systems was

conducted using a series of small extrusions produced at the

Naval Surface Weapons Center, Silver Spring, Maryland.
Methods of encouraging cross-slip included alloying with
manganese, magnesium, gallium, scandium, or silver. The j
aim compositions and corresponding hardening mechanisms are
listed in Table 1-1 and are discussed further below.

The Al-3.0Li binary system was included to obtain base
properties of the alloy system. Zirconium was used to in-
hibit recrystallization. (All manganese-free castings con-
tained a 0.12% zirconium addition.) Zirconium in the amount
of 0.1%-0.2% has been shown to effectively inhibit recrystal-
lization in the Al-Mg-Li system and Soviet alloy 01420}3’16_17]
Two castings also contained bismuth in an attempt to tie up
sodium, which is reported to cause grain boundary
embrittlement.[4'18]

The Al-Li-Sc system involves an attempt to modify the &'
(Al3Li) precipitate. Scandium forms an equilibrium preci-
pitate, Al;Sc, of the same crystal structure (Llz) as &6'. A
substitution of scandium for lithium in ¢' may significantly
change the lattice parameter and the Al-4' interfacial energy.
This, in turn, could encourage dislocation cross-slip or pre-
cipitate bypassing rather than precipitate cutting, and possibly
decrease the planar slip responsible for the low ductility of
aluminum~lithium systems. However, it is possible that the

very low solubility of scandium in aluminum may preclude
obtaining the desired fine precipitation of Al;(Sc,Li).

In a similar manner the substitution of gallium for
aluminum in Al;Li may result in a beneficial lattice parameter
change. Both ternary Al-~-Li~-Ga and quaternary Al-Li-Ga-Sc

castings were included in this survey.
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Manganese has been added to the binary aluminum-lithium
system and in combination with magnesium. These alloys should
exhibit dispersion strengthening as well as precipitation
hardening. A fine dispersion should encourage cross-slip,
thereby increasing ductility. In addition manganese de-
creases the solubility of lithium in aluminum[lg’zol, thereby

encouraging more complete precipitation of Al;Li.

Alloys incorporating magnesium, both with and without
manganese, are included. Under equilibrium conditions,
Al-Mg-Li alloys with a Mg/Li ratio of 2.5 to 1.5 form the
S phase (AlegLi)[le, which is isomorphous with the S phase
(Al12MgCu) found in high strength copper-bearing 7XXX alloys.
Soviet researchers report that alloy 01420 is based on pre-
(17,22] Other work[4’23]

reports, however, that strengthening in this system is due to

cipitation hardening by AlMgLi.

the intermediate precipitate ¢' and that magnesium contributes
sclid solution strengthening. However, it appears that mag-
nesium also contributes to detrimental grain boundary
precipitation of Al:MgLi.[4]

A limited investigation by Hardy[24]

of the Al-Li-Ag
system has shown significant age hardening in an Al-1.0Li-2.0Ag

alloy. The composition presently under study is Al-3.0Li-3.0Ag.

Experimental Procedure

Production of Extrusions

Casting and extrusion for this phase of the work were
carried out at the Naval Surface Weapons Center (NSWC) in Silver
Spring, Maryland. All melting, casting, and homogenization were
done in an argon atmosphere dry-box. The lithium was melted and
held at 1112°F (600°C) in an iron crucible. In some cases the
lithium was fluxed by bubbling argon to remove sodium. The
aluminum and other alloying elements were melted and held at
1742°F (950°C) in an alumina crucible. The molten aluminum was
then added to the iron crucible, stirred with a stainless steel

rod, and poured into a tapered 1.5"-1.75" dia.x 3" deep brass mold.
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The ingots produced were homogenized at 850°F (455°C)/
8 hours + 960°F (515°C)/16 hours in an argon atmosphere. The

homogenized ingots were then scalped to 1.25" diameter.

Billets were heated to 752118°F (400110°C) and extruded
to a 0.5" x 0.25" bar. This represents a 10:1 extrusion ratio.

Breakthrough pressure was on the order of 50 tons.

Chemical Analysis

Chemical composition of the homogenized billets was

determined by atomic emission spectroscopy.

Aging Curves

Hardness specimens were solution heat treated at 975°F
(524°C) for 30 minutes in argon and water quenched. Hardness
aging curves were established for samples aged at 375°F
(191°C) in air.

In addition hardness aging curves for some alloys solution
heat treated at 932°F (500°C) for 30 minutes, water quenched,
and aged at 300° and 350°F (149° and 177°C) were established.

Mechanical Tests

Due to the small cross-sections (approximately 0.5" x
0.25"), longitudinal tension tests only were conducted. Ten-
sile sample gauge sections were machined to a 0.25" width,
full thickness (approximately 0.25"), with a 1" gauge length.
Lack of material necessitated using subsize tension test
samples (0.160" rounds) for sample #10-2A and #3-0 aged at
375°F (191°Q).

Metallography

Samples of the solution heat treated extrusions were
examined optically and by scanning electron microscopy
(SEM). 1In some cases qualitative chemical identification of

insolubles and inclusions could be made by electron microprobe.

Low power binocular and SEM examination of fracture

surfaces was conducted.
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Results and Discussion

Fabrication

The extruded rods produced by NSWC exhibited some tearing
and bending. Those alloys containing gallium showed a white

powder on the surface as-homogenized, as-scalped, and
as-extruded.

Chemical Analysis

The chemical analyses of the homogenized billets are given
in Table 3-1. There was some variation in elemental levels
from the aimed for compositions, aside from the expected diff-
culty in controlling the lithium level. There was apparent
difficulty in getting bismuth in solution. More surprising
was the high iron level, which ranged from 0.59% to 2.37%.
Some of the iron could have been due to the 1100 alloy used as
aluminum stock. (The Aluminum Association limit for {Fe+Si] in
1100 is 1.0%.) A large part of the iron, however, apparently
was introduced from the iron crucible used for melting the
lithium and mixing the alloy prior to casting. Previous
studies of the Al-Li-Mg system melted in iron or stainless

steel crucibles have shown considerable iron contamination.[25]

Sodium levels were fairly low for the two billets analyzed.

Alloy #11-1, made with lithium fluxed with bubbling argon, had

no lower sodium than #3-1, made with unfluxed lithium.

Aging Curves

Hardness aging curves for extrusions solution heat treated
at 975°F (524°C) for 30 minutes in argon, water quenched, and
aged at 375°F (191°C) are presented in Figures 3-1 through 3-4.
In addition aging curves for some alloys solution heat treated
at 932°F (500°C) for 30 minutes in argon, water quenched, and
aged at 300°F (149°C) or two-step aged at 300° and 350°F (149°

and 177°C) are presented in Figures 3-5 and 3-6 respectively.
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Those samples aged at 300° and 350°F (149° and 177°C) did
not reach peak hardness for the aging times studied (up to 142
hours). Aging at 375°F (191°C) enabled peak hardness to be
reached within 100 hours for all compositions.

The aluminum-lithium binary (some with high iron)
compositions (Figure 3-1) showed an aging response similar to ;
that reported for Al-2.8Li-0.122r[23], reaching peak hardness ’
at approximately 10 hours at 375°F (191°C). 5

Compositions containing gallium and scandium reached peak -
hardness with the least aging at 375°F (191°C)--4-8 hours t
(Figure 3-2). The peak hardness reached for the gallium-
containing extrusions was lower than that reached by aluminum-
lithium binary alloys of similar lithium content.

- -

The magnesium-containing extrusions (Figure 3-3) exhibited
a higher hardness value than the binary alloys at slightly f
longer aging times (16-32 hours). The Al-Li~-Mn alloy #10-2A
(Figure 3-3) showed the slowest aging response, reaching peak
hardness after 64 hours at 375°F (191°C). Hardness readings

on extrusion #10-~1 showed large variations in different loca- j

g

tions, presumably due to chemical inhomogeneity. An aging
curve could not be determined for this extrusion.

Mechanical Test Results

Tables 3-2 and 3-3 present longitudinal tensile strength,
yield strength, and elongation data for the extrusions aged to
peak hardness at 375°F (191°C) and those aged at 300°F (149°C)
or 350°F (177°C).

e — e e

In general the percent elongation was very low for all
aging practices. This low ductility was very likely en-
couraged by the high lithium and high iron content. 1In
addition several of the fracture surfaces showed large inclu- ‘
sions of metallic zirconium, iron, or scandium. (This is

discussed further under Metallography.) Such inclusions and
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associated stress concentrations normally contribute to early
failure and low ductility.

At peak hardness the Al-Li~Mg-Mn alloy (#15-1) showed the
greatest tensile strength (70.1 ksi), and the Al-Li-(Fe) alloy
(#3-1) showed the greatest yield strength (62.0 ksi). Each
exhibited very low elongation (2%). Extrusions #8-1, Al-Li-(Fe),
and #10-2A, Al-Li~Mn-(Fe) showed the greatest elongation--8%
and 14.8% respectively.

At peak hardness the tensile strengths ranged from 53.6 to
70.1 ksi, and yield strengths ranged from 37.6 to 62.0 ksi.
For comparison, Soviet alloy 01420 (Al-2.0Li-6.0Mg-0.25Mn) has
the following properties:
65.2-71.0 ksi tensile strength

43.5-52.2 ksi yield strength
8¢-10% elongation

[3]

The Fulmer Research Institute reports the following

properties on a high lithium alloy (Al-2.7Li~5.2Mg-0.22r):
79.5 ksi tensile strength

61.4 ksi yield strength
5.5% elongation

[26]

Alcoa reports the following properties for a high lithium

(Al1-3.1Li-1.9Mg) extrusion at peak hardness:

Longitudinal Transverse
70.0 ksi tensile strength 59.4 ksi tensile strength
61.4 ksi yield strength 48.0 ksi yield strength
1.4% elongation 4.0% elongation

For extrusion #10-2A the combination of tensile properties
(57.1 ksi tensile strength, 41.5 ksi yield strength) and elonga-
tion (14.8%) is encouraging. For comparison, a Soviet alloy
of similar composition (2.7-3.0Li, 1.25-5.0Mn) had the

following reported properties[27]:

64-71 ksi tensile strength
42.5-57.0 ksi yield strength
4-8% elongatinn

.i‘A
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However, the ductility seen in the test of #10-2A is in

contrast to the 5.0% elongation seen in the underaged samples

; in Table 3-3. Due to lack of material, ¥10-2A could not be
? retested at peak hardness.

The peak hardness #10-2A tensile specimen was a subsize
round sample, 0.1599" dia. x 0.640" gauge length. The elonga-
tion seen in this test includes significant uniform elongation.
A reduction in area was seen along the gauge length, with

little necking at the fracture. The gauge section after test
had an elliptical cross-section (presumably due to texturing
caused by extrusion of a rectangular section) with axes
measuring 0.1565" and 0.1585", compared to the circular pre-

test cross-section with a diameter of 0.1599". This is similar

to Soviet alloy 01420, where elongation is primarily uniform
with little contribution by necking.

The very high level of dispersoid-forming elements of
#10-2A (2.9% Mn+Fe) may be enough to require cross-slip for
significant dislocation movement. This could prevent the
planar slip encouraged by the coherent Al ;Li precipitate,

which leads to low ductility. The addition of iron also in- %
creases the amount of MnAlg or (Mn,Fe)Aly phase present.lzs] 5
Also of possible significance is that the #10-2A composition |
is probably in the primary FeAl; phase field for equilibrium i
cooling based on the Al-Mn-Fe ternary phase diagram.[28] 1

|

This can be detrimental due to the precipitation of largce

crystals of FeAl, during solidification.

Metallography

Microstructure. Figures 3-7 through 3-16 show optical

micrographs of extrusions solution heat treated at 932°F
(500°C) for 30 minutes and water quenched. These sections
indicate a large amount of inhomogeneity. Large FeAl_, or

(Mn,Fe)Al, particles (as determined by morphology and

.
' S
B e S T




qualitative probe analysis) are apparent in each of the alloys.
As discussed under Chemical Analysis in this section, the sig-
nificant iron contamination occurred during the casting pro-
cedure. Similar primary segregation of scandium-rich insolubles
(by qualitative electron microprobe analysis) is apparent in

the scandium-containing alloys.

Figures 3-7 through 3-10, 3-13, 3-14, and 3-16 show what
appear to be remnants of a dendritic structure. This indicates
the extrusion ratio, 10:1, was too low to break up the cast
structure completely.

Figure 3-17 is a scanning electron micrograph (SEM) of a
cross-section from extrusion #4-1, as-solution heat treated,
showing the residual dendritic structure. The large insolubles

have been identified as scandium-rich compounds by gqualitative

microprobe analysis. The interdendritic particles are iron-rich.

Fractography. Figures 3-18 and 3-19 give optical views of

fracture surfaces with examples of intergranular cracking and
transgranular failure. Figure 3-20 gives a longitudinal view
of the fracture of extrusion #1-3, showing more clearly the

transgranular nature of the fracture (45° shear).

SEMs of fracture surfaces are presented in Figures 3-21
through 3-26. Extrusion #3-1 (Figure 3-21) failed predominantly
by 45° shear. Seen at the beginning of the shear face (in 50X
photo) is a large metallic iron inclusion that possibly
initiated the fracture. 1Inclusions found in other fracture
surfaces were identified as elemental scandium and elemental
zirconium. The iron, scandium, and zirconium particles are
each located near a surface where the failure is likely to
initiate.

Dimpling of the fracture surface is apparent in each of

the ternary or high-order alloys in Figqures 3-21 through 3-26.

e = s ‘A
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Samples of #10-2A (Figure 3-22) and #15-1 (Figure 3-26) also
exhibited intergranular cracking.

While showing a dimpled "matrix," some of the samples i
exhibit brittle fracture of intermetallic phases. Brittle '
fracture of (Fe,Mn)Al; insolubles is apparent in #10-2A

(Figure 3-22). Microprobe analysis determined approximately

F equal amounts of iron and manganese in these particles.
Scandium-rich insolubles in #8-1 (Figure 3-24) and silver-
rich particles in #14-1 (Figure 3-25) also exhibited brittle

fracture.

Despite the dimpled appearance of the fracture surfaces,
the samples in general showed little elongation and very
little necking. Phase III includes a further investigation
which associates the micro-dimples with possible subgrain
boundary failure.

Conclusions of Phase II

The extrusions produced in this phase generally showed
very low ductility. This was due, at least in part, to the
severe iron contamination which occurred during casting. The
iron contamination causes any conclusions from this study to
be limited.

The addition of 5.0% gallium produced corrosion under
ambient conditions, resulting in a white, powdery oxide on all
surfaces. At this level gallium is likely to be impractical
from this standpoint. Scandium and manganese, at least when
in combination with 1.0%-1.5% iron, appear to be at levels too

. high to achieve a homogeneous structure using conventional
s casting methods. Application of rapid solidification techno-
: logy may be beneficial. The other alloying elements,
i silver (which formed coarse particles) and magnesium, did
; not show any benefit, but again the detrimental effects of

excessive iron must be considered.
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TABLE 3-2

MECHANICAL PROPERTIES OF PHASE II EXTRUSIONS
AGED AT 375°F (191°C) TO PEAK HARDNESS*

Houns @ Long<tudinal

Ident. Composition 3759F uTs V3 Flong.

(1919C) | (ka4) | (R84) | (8)

! 1-1 3.0 Li (Nominal) 8 66.8 | 57.6 4.0
1-3 3.2Li-.9Fe 8 67.5| 56.6 4.0

3-0 3.3Li-2.1Fe 8 53.7 - ~1.0

3-1 3.5Li-2.4Fe 8 69.3 | 62.0 2.0

4-1 2.8Li-2.0Sc-1.1Fe 4 61.3 | 58.2 2.0

8-1 3.1Li-.9Fe 8 58.9 | 46.9 8.0

10-2A | 3.0Li-1.6Mn-1.3Fe 64 57.1| 41.5 | 14.8

13-1 | 3.1Li-1.4Mg-1.7Fe 4 66.2 | 60.8 2.0

| 14-1 | 3.2Li-2.9Ag-.8Fe 32 53.6 | 37.6 5.0
| 15-1 | 3.1Li-1.7Mg-1.2Mn-.6Fe 16 70.1 ] 59.6 2.0

*SHT 975°F (524°C)/30 minutes + age 375°F (191°C)/peak

hardness.




-25-

TABLE 3-3

MECHANICAL PROPERTIES OF PHASE II EXTRUSIONS
AGED @ 300°F (149°C) FOR 24 HOURS OR
300°F (149°C) FOR 24 HOURS + 350°F (177°C) FOR 4 HOURS

1
o o 300%F 17149YCY7 7] i
300°F (149 g’)/ 24 Houns + .
i 24 Houns 350°F (177°0C)/ L)
Ident. Composition 4 Houns &
urs VS Elong. uts N Elong. "
(ksd) | (R84 %) (kad) | (kad) (%) P
1-3 3.2Li-.9Fe 66.7 50.9 4.0 67.0 58.3 4.0
9-0 2.9Li-5.0Ga~-.85Fe 6l1.6 51.5 5.0 59.7 51.7 5.0 |
10-1 2.2Li-.7Fe 39.3 32.1 4.0 49.1 34.5 5.0 i
10-2A | 3.0Li-1.6Mn-1. 3Fe 51.1 34.2 5.0 51.7 36.5 5.0
11-1 3.54Li-1.5Fe 61.6 50.5 4.0 59.8 51.7 3.0

*SHT 932°F (500°C)/30 minutes in argon, water quench.
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FIGURE 3~7
OPTICAL MICROGRAPHS OF EXTRUSTON
4-3, SHT 932°T (500°C) /20 MIN.,
WATER QUENCHED

Al-3.19Li-0.93F¢c

B. As-bolished, 500X
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PIGURE 3-8

OPTICAL MICROGRAPHS OF EXTRUSION
#11-1 SHT 932°F (500°C) /20 MIN,,
WATER QUENCHED, SHOWING LARGE

METALLIC TRON INCLUSION

Al-3.54L1~-1.51F¢




A. As-polished, 100X

C. Barkers etch, 100X

100y

FIGURE 3-9
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As-polished, 100X

C. Barkers ctch, 100X

FIGURE 3-10

OPTICAL MICROGRADPHS OF EXTRUSTON
su=1, ST 9320 (5007C) 20 MIN.,
WATER QUENCHED

Al=3.09 =0 % o), 010 =--0, 010




C. Barkers etch, 100X
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C. Barkers etch, 100X
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FIGURE 3-12

OPTICAL MICROGRAPHS OF LEXTRUSION -
#10-1, SHT 932°F (500°C)/20 MIN., .
WATER OQUENCHED

Al-2.17Li-0.70Fc~-0.22Ti
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A. As-polished, 100X

B. As-polished, 500X
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FIGURL 3-13

OPTICAL MICROGRAPHS OF EXTRUSTON
#13-1, SHT 932°F (500°C)/20 MIN.,
WATER QUENCHED

Al-3.14L1-1.67Fe~-1.,44Mq




FTGURE %lf.OPTICAL MICROGRAPHS OF EXTRUSION #15-1, SHT 932°F

{500°C)/20 MIN., WATER QUENCHED, AS-POLISHED

Al-3.14L1-1.67Mg-1.21Mn-0.59te




FIGURE 3-15. OPTICAL MICROGRAPHS OF EXTRUSION #15-2, SHT 932°F
(500°C) /20 MIN., WATER QUENCHED, AS-POLISHED
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B. As-polished, 500X

C. Barkers etch, 100X
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PIOURE 16

OPTICAIL MICROGRAPHS OF EXTRUSION
#14-1, SHT 932°F (500°C) /20 MIN.,
WATER QUENCHED

A1-3.241L1-2.93Ag-0.78F¢




Interdendritic
insolubles include
Fe-containing
particles.

i Larac insolubles
are Sc-containing.

FIGURID 3-17. SCANNING [LLECTRON MICROGRAPH OF ENTRUSION #4-1,

T 7T WITH LARGE INSCLUBLES IDENTIFIED AS Al-Sc
COMPOUND, TNTERDENDRITIC PARTICLFS TNCLUDE IRON-
RTCH PARTICLES

As-pnlished. 1000X
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Intergranular
cracking

FIGURE 3-18. EXTRUSION #10-2A PEAK HARDNESS, BROKEN TENSILE
FRACTURE SURFACE

30X. Intergranular cracking in long transverse
direction is visible.

FIGURE 3-19. EXTRUSION #3-1 PEAK HARDNESS, BROKEN TENSILE
FRACTURE SURFACE, SHOWING 45° SHEAR FAILURE

10X.




FIGURE 3-20. OPTICAL MICROCRAPH OF EXTRUSTION $1-3, SHT 932°F

T T (500°C) /30 MIN. AND ACGED 300°F (149°C)/24 HOURS +
350°1 (177°C) /4 HOURS, SHOWING TRANSGRANULAR .
FRACTURI (45° SHIAR)

Barkers ctch, 200x%.
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C. Dimpled appearance of aluminum matris.
3000X.

D. Diepled (ductile) tractare of aluminum
matris with bhrittle tractare of
(Mn, Fo)yATL, . 3200,

FIGURE -2.2 FHnd, SEM oop ey lon #10-2A 0 PEAK HARDNESS
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Dimpled appearance of matrix.  Scandium-rich
insolubles arce visible. 3000X.

FIGURE 3-23. SEM OF EXTRUSION #4-1, DPLAK
T HARDNESS, FRACTURE SURFACE
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PHASE III: SHEET

Introduction

This phase of the development program involved the analvsis
of fracture behavior of various aluminum-lithium based alloys
in sheet form. The selection of particular compositionswas
based in part on the results of the preliminary study in Phase
II. The systems examined include Al-Li, Al-Li-Cu, Al-Li-Mg-Si,
Al-Li-Mn, and Al-Li-Mn-Fe. The systems and strengthening

mechanisms, listed in Table 1-2, are discussed in detail below.

The Al-Li system was included to determine properties
of the binary alloy sheet. Zirconium was used to inhibit re-
crystallization in all the manganese-free alloys. Ingots 23-26
were cast with bismuth additians, which is believed to help

(4,18] In ad-

dition an early binary alloy casting (#10) was included to

prevent grain boundary embrittlement by sodium.

determine if HIPing (hot isostatic pressing) is useful in

healing porosity created during casting.

Cast #19 was an Al-2,.2Li-2.0Cu alloy. This corposition was
calculated to contain approximately the maximum level of
lithium soluble in Al-2.0Cu at 932°F (500°C). [%%]

Precipitation in the Al-Li~Cu system has been studied by

several investigators and has been shown to follow the Al-Cu

and Al-Li system precipitation sequences individually:[26'30]

_»GP zones = " - ('

Supersaturated solid solution.~,é, (Al-Li)
3

With extended aging there is significant diffusion of lithium

!

into ', which can lead to the formation of an cquilibrium

[30,31]

ternary phase Ty (Al;CuyLiz). The phase Tp forms from

' and retains the characteristic v' plate morphology. 1In

addition, with greater than approximately 2% lithium, the
ternary equilibrium phase is Tl.[30] T, has a hexaagonal

structure (a = 4.974, ¢ = 9.344), and its basal planec (also

L:::::!!gg!!!!-uuvm- e

iinilabiiisi

x Bt e o o
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the habit plane) matches very closely the (111) matrix plane.
(At the aging temperatures under consideration, T; forms
platelets similar to ¢'.)

Peak strength in a commercial Al1-4.0Cu-1.0Li alloy
(2020) has been attributed to the formation of ¢" and o' . 26l
The present alloy 1is expected to show significantly greater
precipitation of o' than 2020 and precipitation of TB and Tl
in at least the overaged tempers.

Two ingots of Al-Li-Mg-Si type alloys were included.
AA6063 and 6061-type alloys were cast with 3% lithium
(#20, #21). These compositions are expectcd to show co-pre-

cipitation of MgpSi and 9o'.

Three compositions represent an attempt at dispersion
hardening in conjunction with &' precipitation by adding
manganese (#25) or maganese with iron (#23, #24) to an
Al-3.0Li alloy. Dispersoids may have the effect of encouraging
cross-slip, thereby decreasing the planar slip typical of
Al-Al;Li systems. A 15% elongation in an Al-3.0Li-1.55Mn-1.3Fe
extrusion in Phase II prompted further investigation of this
system, though that test could not be repeated due to lack of

material.

Experimental Procedure

Fabrication of Sheet

The various alloys were cast as bookmold ingots by the
procedure described under Phase I of this investigation.
KBI 9.5% lithium hardener was used for casts #19-#21. A 20+
lithium hardener (KBI) was used for casts #22-%#26. Super-

purity aluminum (99.99%) and commercial hardeners for the
other alloying elements were used in all casts.

The ingots were homogenized for 8 hours at 850°F (454°C)
plus 16 hours at 960°F (515°C) in a nitrogen atmosphere.
Half of ingot #26 (#26B) received 850°F (454°C)/8 hours plus
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900°F (482°C)/16 hours to determine if zirconium maintains a
better dispersion with a low temperature homogenization, as is
the case with 7XXX alloys.

The ingots were scalped until no porosity was evident.
The material was then hot rolled at 750°F (400°C), 0.125"
reduction/pass, to 0.125" sheet. Some of #22 was retained
at this gauge, while the remainder of the material was cold
rolled to 0.063" (1.60 mm). Severe edge crac..in occurred
in some alloys. These required an intermediate anneal of
932°F (500°C) for 1 hour with cold water guenching before cold
rolling. Those alloys directly cold rolled are designated

"AR"; those samples with no subscript received an intermediate
anneal.

Hot Isostatic Pressing (HIP)

HIP treatment of ingot #10 was done by Kawecki-Berylco
Inc. The ingot was heated to 900°F (482°C) for 2 hours at a
pressure of 15,000 psi of argon.

Chemical Analysis and Hydrogen Content

Chemical analysis was done by atomic emission spectroscopy.
Hydrogen analysis was performed for surface and volume hydrogen
using an Ithac 02 Fast Hydrogen Determinator. This instrument
uses the nitrogen carrier fusion method as described by

Degreve.[32]

Heat Treatment

All material was solution heat treated at 975°F (524°C)
for 30 minutes in argon, followed by a cold water quench. A
limited number of Al-Li-Mn and Al-Li-Mn-Fe samples (desiqgnated
"-h") were solution heat treated at 1050°F (565°C) for 1 hour

and cold water quenched.

Aging Studies

Hardness-aging curves were established for 325°, 350°,
375°, and 400°F (163°, 177°, 191°, and 204°C respectively).
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Hardness measurements were taken using the Rockwell B scale.
Aging of material for tensile and hardness testing was done 1

in circulating air furnaces.

Mechanical Testing

Tensile strength, yield strength, and percent elongation
were obtained using a 0.250" x 1.00" gauge section for longi-
tudinal and transverse samples with underaged, peak aged, and

overaged samples. -

Standard Kahn tear test blanks (2 1/4" x 1 7/16") were

used to determine crack initiation and crack propagation

energies. Kahn tear tests were performed on those alloys and b

13 . . . . . . r
aging conditions which exhibited the most tensile ductility. :
Metallography '5

Metallographic sections of as-solutioned samples were
examined as-polished. Overaged samples etched with Keller's
reagent were used to determine subgrain size. An electrolytic %

etch was used to determine g=-ain size.

Scanning electron microscopy (SEM) electron microprobe
was used for examination of polished sections and fracture

samples in the underaged, peak aged, and overaged tempers.

Transmission electron microscopy (TEM) was used to examine

rolling plane sections of those samples of particular interest.

TEM was carried out on an RCA EMU-3G electron microscope at
100 KV.

Results

Chemical Analysis i

Chemical analysis results are given in Table 4-1. )

Lithium levels were fairlyv well controlled, ranging from
3.0%-3.3% for thc¢ 3% aim. Magnesium, also prone to oxidation,

showed a dramatic loss (approximately 50%) during melting and

casting of the Al-Li-Mg-Si ingots. The resulting excess
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silicon may lead to the precipitation of LizAlzSip, a hardening

precipitate found in Soviet investigation of an Al-Li-Si
alloy.[33]

Alloys #23 and #24 in the Al-Li-Mn-Te system had only
a 25%-30% recovery of iron. 1In addition, bismuth was
difficult to put in solution, with no detectable recovery
(<0.005%), even with an addition of 0.01%.

The use of a new lithium hardner in casts 22-26 resulted in
calcium levels dropping from 0.02% typical to 0.001%. Sodium
levels were excellent (0.0001%) for all castings and well below

the 0.004% level found to cause sub-boundary embrittlement.lls]

Hvdrogen levels given in Table 4-2 are fairly low compared

with other aluminum-lithium studies.[4’10]

However, these
levels are unacceptable in commercial aircraft alloys in that
porosity is generally associated with hydrogen levels above

0.12 ml/100 gq.

Microstructure

An electrolytic (Barker's) etch was used to determine
degree of recrystallization of the sheet. Figures 4-1 through
4-10 show typical grain structures for the various samples.
Recrystallization is evident in all samples without zir-
conium. Zirconium appears to be a more effective inhibitor
of recrystallization, as evidenced by the lack of

recrystallization seen in those samples.

Processing and heat treating variables have a strong
influence on microstructure. The intermediate anneal before
cold rolling caused #22 (Al-Li-Z2r) to recrystallize totally
with an elongated grain structure (Fiqure 4-2). #22--AR, cold
rolled directly from hot line gauge, resulted in very little
recrystallization. The high temperature (1050°F [565°C]/1 hour)
solution heat treatment had little effect on the Mn+Fe alloys,
but caused excessive grain growth in the manganese-only (#25)

sheet (Figure 4-10).
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As-polished metallographic sections were examined for
all samples. A typical example from each system is shown in
Figures 4-11 through 4-15. All samples show some evidence of
porosity; however, the manganese-bearing alloys showed a
minimal amount. Despite HIP treatment, #10 showed evidence
of porosity, particularly in the as-HIPed ingot. Large in-
soluble phases were evident in the magnesium-silicon and
manganese-containing alloys. The 1050°F (565°C)/1 hour
solution heat treatment appears to result in somewhat fewer
"fines” in the matrix than the 975°F (524°C)/30 minute solu-
tion heat treatment in the manganese-bearing alloys. The
movement of manganese in aluminum is very sluggish, and sig-
nificant change in the larger manganese-bearing particles

should not be expected.

Subgrain structure as revealed using Keller's reagent
1s shown in Figures 4-16 through 4-19 for samples from each
alloy system. Well overaged samples (e.g. 375°F (191°C)/480

hours) were used so as to decorate the subgrain boundaries.

Microstructural details for each alloy for each solution
heat treatment and rolling condition are tabulated in Table
4-3.

Aging Study

Aging curves are presented in Figures 4-20 through 4-34.
Of alloys #19-4#26, the manganese~containing alloys show the
slowest response to aging. The copper-bearing and magnesium-

silicon-bearing alloys show the quickest response.

Aging curves for #22 (Al-Li-2r), #24 (Al-Li-Mn-Fe), and
#25 (Al-Li-Mn) were obtained for sheet cold rolled with and
without an intermediate anneal. Aging response appears to
be slightly quicker with no intermediate anneal, in some cases
reaching a higher hardness in the no-anneal condition. This
higher hardness is probably due to reduced recrystallization
of the no-anneal material as reported under the section on

metalloqgraphy.
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The high temperature (1050°F [565°C]) solution heat
treatment given to the manganese-containing alloys had a
minimal effect on the aging curves, though the Al-Li-Mn-Fe
alloys (#23, #24) showed a somewhat higher peak hardness

with the high temperature solution heat treatments.

Tensile Test Results

Tensile strength, yield strength, and elongation results
are presented in Tables 4-4 through 4-13., Material was tested
in the underaged, peak hardness, and overaged conditions for

each alloy.

In general, elongation was very low for all but the
Al-Li-Cu (#19) and Al-Li-Zr (#26) alloys. In addition, all
but the Al-Li-Cu alloy were prone to fracture outside the
gauge length. This may be due to large stress-concentrating
insolubles found in the other alloys. However, as can be
seen in the tensile, yield, and elongation tables, those
fracturing outside the gauge length typically had the same
elongation as those fracturing within the gauge marks. This
indicates that the elongation is primarily uniform, with

little contribution due to necking.

Fracture Characteristics

Binocular microscopic examination of the broken tensiles
showed different fracture modes, such as 45° shear and inter-
granular failure, in the different alloys and tempers. 1In
addition, various defects, such as porosity and inclusions,
became apparent, which should be considered in interpreting
the tensile data. 1In particular, a large number of samples
showed centerline porosity, which resulted in a "delamination"
through all or part of the width of the gauge section during
testing. A summary of fracture characteristics and material

defects in each sample is given in Table 4-14.

Of the aluminum-lithium binary alloys, #10 (2.87L1i), #22
(3.26L1-0.06Z2r), and #26 (3.23Li-0.08Zr), #10 showcd thce




lowest strength. Ductility was also poor, generally <6%
elongation. Despite HIP treatment for #10, porosity and
inclusions apparently contributed to low strength and ductility,
and this alloy/process combination was not included in further
testing. SEM (Figures 4-35 through 4-37) showed the failure

of #10 to be characteristically intergranular for all tempers. C

Al-Li-~Zr (#22AR) also showed apparent intergranular failure
(Figure 4-38). However, the "grains" correspond fairly closely
to the observed subgrain size (using Keller's reagent), rather

than to the grain size. This may indicate subgrain boundary

rather than grain boundary failure.

Al-Li-2r (#26A) showed fairly good ductility in the LT
direction. Elongations were generally 6%-8% for all tempers.

In contrast, the longitudinal elongation was very low. (#26B,

with a low temperature homogenization, did not perform as well

. - — RN
e e by TR R e el e T

as #26A; therefore, emphasis was placed on #26A.)

The Al-Li-Cu alloy showed good elongations, especially in
the underaged samples. Figure 4-39 shows the relationship be-
tween temper and elongation. Again, elongation is somewhat
better in the LT direction, decreasing with increasing aging
time.

The fracture of the Al-Li-Cu samples was predominantly
transgranular 45° shear for both test directions. In general
the fracture surface was bright for the underaged temper, pro-
gressing to a dull, or rougher (more typical of brittle
fracture), surface for the overaged samples. There samples

showed some necking at the fracture.

On a micro-scale the fractures showed dimples, which are
normally associated with ductile fracture. The dimples became
more prominant and well-defined with increased aging, as shown
in Figures 4-40 through 4-42. Dimple size corresponds ap-
proximately to subgrain boundary size, indicating that fracture
may be due to subgrain boundary failure. Subgrain boundaries

generally show increased precipitation and wider precipitate-

\ﬂ_
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free zones (PFZ) with increased aging. This may cause lower
strength at the subgrain boundary, explaining the greater
dimple definition with increased aging.

The Al-Li-Mg-Si alloys (#20, #21) showed strengths similar
to the binary alloys. It appears that additions of magnesium
and/or silicon decrease ductility somewhat. These alloys
exhibit largely 45° shear in the underaged condition, progress-
ing to flat, brittle failures in the overaged condition. 1In
general little or no necking was seen, SEM of an overaged
sample (Fiqure 4-43) showed scme dimpling of the fracture
surface.

The Al-Li-Mn (#25) and Al-Li-Mn-Fe (#23, #24) alloys
showed poor ductility and no necking. SEM (Figure 4-44)
examination showed largely intergranular failure. In addition,

silicon-rich and manganese-rich insolubles were identified.

Kahn Tear Tests

Kahn tear test results are presented in Tables 4-15
through 4-20. The results in general were very poor,
particularly in the T-Ldirection.

The Al-Li-Mg-Si and Al-Li-Mn-(Fe) alloys showed near zero
crack propagation energy for the tempers tested. This was not
unexpected considering the very low ductility seen in the
tensile tests. The Al-Li-Zr alloys showed somewhat better
crack propagation, but did not perform as well as the tensile

test ductility might have indicated.

The Al-Li-Cu alloy, which showed good longitudinal and
transverse elongation in tensile tests, also had poor tear
test properties. Crack propagation energy was comparable only

to that of the most brittle commercial alloys (see Discussion).

In all alloys the crack front tended to follow the grain
direction. The crack front in the T-L samples propagated straight

in the rolling direction, while in the L-T direction there was
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a tendency in some samples to turn from perpendicular to parallel
to the rolling direction.

Transmission Electron Microscopy (TEM)

Micrographs of Al-Li-Zr alloy #26A in the underaged
condition are given in Figures 4-45 and 4-46. The spherical o'
precipitate is very small, but is resolvable at 46,000X. Note
the grain boundary is pimning by small particles, presumably
Al;Zr. F

A narrow grain boundary precipitate-free zone (PFZ) is
visible in the underaged sample. The overaged samples show

pronounced PFZ's (Figure 4-47), typically 75004 for samples
aged 400°F (204°C)/64 hours. It appears that the PFZ width is
strongly orientation dependent in that some grain boundaries
do not exhibit a perceptible PFZ. Figure 4-47B shows a triple |
point with two grain boundaries exhibiting a wide PFZ, while ‘
along the third grain boundary the PF2 diminishes to an
imperceptible width.

Discontinuous precipitation (Figure 4-48) was observed
in the Al-Li-Zr alloy, but was uncommon. Williams and

Edinqton[34]

report that this phenomenon occurs at all grain
boundaries with extended aging; however, it was observed

infrequently in any of our material examined.

The Al-Li-Mn alloy aged 400°F (204°C)/64 hours (overaged)
shows §' of size similar to that of the Al-Li-Zr alloy in the
same condition (Figure 4-49). 1In addition, there is a -
scattering of submicron size dense particles, presumably |
MnAlg. Grain boundaries (Figure 4-50) show a 75004 PFZ
similar to that seen in the Al-Li-Zr alloy. The high temp-
erature solution heat treatment (1050°F [565°C]/1 hour) with
the same aging practice (Figure 4-51) shows a PFZ around most
of the dispersoid phases in what appears to be a greater

degree than in the normal solution heat treated material.
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No discontinuous precipitation was seen in the Al-Li-Mn
alloy. It was thought that the high solution heat treatment
temperature and water quench might provide a more uniform
distribution of lithium near grain boundaries. Such a distri-
bution of lithium (smaller PFZ) would be more likely to

encourage discontinuous precipitation.[34]

Peak hardening of the Al-Cu-Li alloy appears to be
related most closely to the aluminum-copper aging sequence.
Figure 4-52 shows the alloy at peak hardening and is
characterized by abundant coherency strains associated with
0" growth. Precipitation of §" is responsible for the peak

hardening of aluminum-copper binary alloys.[35]

Diffraction
patterns show string Ll superlattice reflections in this
temper as well (Figure 4-53), indicating that 6' is present.
Other diffracting conditions (Figures 4-54 and 4-55) show

that there has also been some precipitation of the strain-free

' plates in the peak aged material.

Further aging, to the overaged condition, promotes the
formation of u'-like plates, seen in Figures 4-56 through
4-60. There is extensive grain boundary or sub-boundary
precipitation evident. As discussed earlier, extended aging
(though as little as 100 minutes at 398°F--200°C) [31) in the
Al-Li-Cu system can result in the diffusion of lithium into
8’ and subsequent formation of T, (Al}sCuylLiz) with the same

morphology as ¢'. In addition, the plate-like ternary phase

'I‘l is expected with this composition.[3ol

Thus the pre-
cipitates referred to as u', or identified as uv' in these

micrographs, are likely modified by diffusion of lithium or,

in some cases, are actually a ternary phase as described below.

The displacement fringe contrast in the overaged Al-1.1-Cu

alloy in Figures 4-58 and 4-59 is identical to stacking fault

contrast. However, the stacking fault eneryy of aluminum is
high, and such faults are uncommon. The contrast is possibly
due to an orientation of 8' nearly in the plane of the f011!“d

More likely, though, 1s that the Tl phase 1s present, causing

o
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such contrast due to the "stacking fault" arrangement of atoms

at the matrix-precipitate interface. X-ray work has shown the

interface to be a near perfect match of the precipitate hexagonal
basal plane and the (111) FCC matrix plane.llz] The atomic
positions are then essentially in a stacking fault sequence at
the precipitate-matrix interface, giving rise to the contrast N
seen in the overaged alloys. In this way the plate-like

precipitates can be identified as T

1°
Specimens overaged further (350°F [163°C]/480 hours), ';
Figures 4-61 through 4-64, show similar features with larger "

and more pronounced 8' and/or Tl' Some 8" is retained as

evidenced by coherency strains.

TEM of the gauge section of a tensile sample in an
overaged condition (Figures 4-65 through 4-67) reveals heavy ’
dislocations in some grains and intense planar slip. This is )
typical of the aluminum-lithium system and similar to the be- ]
havior reported by Sanders for 2020.[4] Severe strain at grain

boundaries occurs when the planar slip progresses to the degree
seen in Figure 4-67.

Discussion and Conclusions of Phase III

Casting and Fabrication of Sheet

Bookmold ingots were cast and 0.063" sheet successfully
fabricated. Significant problems occurred with hydrogen, the

related problem of porosity, and inclusions.

Some samples were successfully cold rolled off the .J
hot-1line gauge, but in general the alloys needed an anneal
before cold rolling to prevent edge cracking. The Al-Li-Mn
and Al-Li-Mn-Fe alloys suffered particularlv from edge
cracking. Though an intermediate anneal (932°F [500°C]/1 hour)
is sufficient to eliminate the problem, this treatment en-
courages recrystallization in the final gauge. Alternatives
are a lower temperature anneal or a shorter anneal time at
high temperature. Either may suffice and not cause

recrystallization in the sheet.




The hydrogen and porosity problems are difficult to deal
with. A delayed addition of the lithium until just prior to ]
the casting may help decrease the hydrogen level. However, 'f
h[10,13,14]

other researc indicates that hydrogen content ?

increases immediately upon addition of lithium.

Centerline porosity may be reduced by using a mold with

insulated sides so as to produce directional solidification.

This may act to drive porosity to the top rather than the
center of the ingot.

Grain Structure

The present work indicates that as little as 0.06%
zirconium is effective in inhibiting recrystallization, while
up to 1.4% manganese proves ineffective. Fridlyander[17] had
similar results comparing 0.1% zirconium and 0.6% manganese
in alloy 01420, as did Sanders[4] in comparing 0.13% zirconium

and 0.32% manganese in an Al-2.85Li binary alloy.

An intermediate anneal following hot rolling strongly
encourages recrystallization. This effect may be reduced

with shorter time at the annealing temperature.

Though there are few direct comparisons, the particular
grain structure (recrystallized or not) does not appear to

significantly affect the elongation or strength.

Precipitation and Aging Response

Aging curves show that the alloys containing copper or
magnesium and silicon have the quickest response to aging,

with the binary and magnesium-containing alloys showing a

slower response.

There are indications that peak hardening in the Al-Cu-Li
alloy 1s associated primarily with " formation and less with

¢'. TEM of sheet in the peak aged condition shows (", while ¥
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6' (typically 5004 in peak aged binary alloys) is not resolved.
If this is the case, it would at least partially explain the
greater tensile ductility seen in this alloy. If peak harden-
ing can be reached with a minimal ripening of §', then the
optimum strength/ductility combination might be realized.

Discontinuous precipitation of &', reported by Williams

[34], was observed in the Al-Li-Zr alloy. The

and Edington
reaction was uncommon and was not seen in the Al-Li-Mn and
Al-Li-Cu alloys examined. The occurrence of the phenomenon
is rare enough that it should present no problem in the system,
such as associated grain boundary weakening found in some alloy

systems.

Tensile and Yield Strengths and Elongation

Though showing moderate strength, the Al-Li-Mg-Si,
Al-Li-Mn, and Al-Li-Mn-Fe systems showed no promise as far

as acceptable ductility.

The Al-Li-Cu system exhibited strengths comparable to the
Al-Li-Zr alloys in comparable tempers, but showed much improved
ductility. The properties given in Table 4-6 can be compared

with other alloys in the Al-Li-Cu system below.

urs VS Efong.

Descuiption (kai) | (Rsd) (%)
\(lggmr.\]ogi?gTZCu-l.2Li-0.6Mn) [37,38) 68 >8 6-8
2020-T6 Typicall®l--L 82 77.5 7.4
2020-T4 Typical [(®l-_1 50 34.2 | 16.5
A1-2.2Li-2.0Cu (#19) L 63 | 50 5-8
(Present study--typical) LT 56 43 6-12

Thus the properties of the sheet in the current study, of

higher lithium content, show values somewhat lower than other
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Al-Li-Cu alloys in terms of the tensile strength/ductility
combination.

Tensile Fracture Characteristics

The more brittle alloys, in the Al-Li-Mg-Si and
Al-Li~Mn- (Fe) systems, showed predominantly a flat, brittle
fracture. The more ductile alloys, in the Al-Li-Cu and Al-Li
systems, generally showed a 45° shear in the underaged samples,
with an increasing degree of flat-face fracture with continued

aging.

In general the alloys showed a dimpled fracture surface.
The dimples were more pronounced with increased aging time.
The dimple size may be related to subgrain size. TEM has
shown formation of a PFZ on grain and subgrain boundaries.
The formation of the PFZ and consequent weakening and failure
at the subgrain boundaries may be the mechanism for failure.
If this is the case, then an aging practice or thermomechanical
treatment (TMT) to produce significant hardening without PFZ

formation could lead to a better strength/ductility combination.

Fracture Toughness-~Kahn Tear Tests

The Kahn tear tests showed poor toughness values in general
for the alloys and tempers tested. The Al-Li-Mg-Si and
Al-Li-Mn- (Fe) alloys showed near zero unit propagation enerqy.
The Al-Li-Cu and Al-Li-2r alloys showed somewhat better crack
propagation energy values, but even the better tempers are
comparable only to those commercial alloys with the poorest

tear behavior.

For comparison Table 4-21 gives tensile and tear values
for some commercial alloys including AA2020. Of those listed,
all performed significantly better than the Al-Li-Cu alloy,
except 2020-T6 and 2024-T86, which have significantly hiqher

tensile and vield strengths.

The Al-Cu-Li alloy was the only alloy under study which

indicated any significant resistance to crack propaacation.
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Possible methods to improve the toughness of this alloy
include those methods discussed previously to increase
ductility. These include an aging sequence, TMT, or alloying
addition to encourage more rapid 0" precipitation than o'
precipitation and treatments to discourage the formation of a
PFZ at grain boundaries or subgrain boundaries.
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TABLE 4-2

HYDROGEN LEVELS IN PHASE III INGOTS

Sample Numben Hydrogen Content (mf/100 gm]

Sungace VoLume

47850-19 0 0. 236
-20 0 0.574

-21 0.006 0.748

-22 0 0.418

=23 0 0.386

-24 0 0.912

~25 0 0.652
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TABLE 4-3

SHEET

elongated

¢ : .
Alloy | Grain Stauctune [~ Subgrain DimensLons Tuml Ty vinres |penosty
Descniption | Recrystaldazed? | Longitudinal Cross-Section o
Al-Li
#10 (HIP) Yes, coarse No Yes
equlaxed
s
Al-Li-Zr
#22 Yes, elongated No Yes
#22-~AR Slight 6 x 10 No Yes
#26A--AR Slight 4 x 6 Yes Yes
#26B 50% 5 x 10 in unrecrystallized | Yes Yes
recrystallized area
Al-Li-Cu
#19--AR Slight 2 x5 Little Yes
Al-Li-Mg-Si
#20--AR No 2 x 4 Yes Yes
#21 No Yes Yes
Al-Li-Mn-Fe
Al-Ll7iAn—re - |
¥23--AR Little |
#23-h Yes, fine No '
r M "

#24--AR equiaxed (Mn,Fe)alg No
#24-h Mo

—
Al-Li-Mn
#25 Yes, elongated
#25-~AR Yes, elongated MnAl, Little
#25-h Yes, coarse

i
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TABLE 4-4

LONGITUDINAL AND TRANSVERSE TENSILE PROPERTIES OF
Al~Li (#10-HIP) SHEET SHT 975°F/30 MINUTES

Age Age "Long<fudinal Thansvenrse
Tgmp. Time UTs V3 EZong. urs VS Elong.
(7F) (Hna ) (kA L) (k&) (%) (Rai) (had) (%)

47.7 | 37.5] 2.0%
168 46.7 | 36.1| 2.0%
51.1 | 39.7( 3.0
325 480 50.7 | 39.6 *
51.0 | 40.0/| 2.0*
360 52.1 | 39.9| 4.0
1 46.0 | 33.7| 2.0%* | 1az.0| 33.4 ] 2.0%
48.2 | 33.9| 3.0* 45.8 | 34.6 | 3.0%
49.8 | 37.4| 3.0%
350 | 168 50.0 | 37.6| 5.0
49.6 | 37.6 ] 6.0
817 48.8 | 37.8] 5.0
1 45.9 | 34.4| 2.0% 43.9 | 35.0| 3.0
46.3 | 36.4| 2.0% 46.7 | 35.7| 3.0%
49.2 | 36.1 | 2.0%
375 64 47.1 | 36.4| 3.0
240 42.2 | 35.4| 1.0 Lig.ol 35.6 | 5.0
48.7 | 35.7| 6.0 45.1 1 35.2| 5.0
5 45.3 | 30.1| 8.0 41.2 | 30.3] s.0
44.3 | 30.2| 6.0% 42.2 | 28.9| 7.0
400 1 47.3 | 35.1| 7.0% | tae.2 | 34.0 | 4.0%
48.9 | 35.4| 4.0% 47.1 | 35.9 | 4.
64 44.3 | 37.3] 3.0* | Y47.5] 35.2] 6.0
44.1 | 36.6| 1.0* 47.3| 34.9| 5.0

*Fracture outside of gauge length.

1

AR--Those cold rolled directly from hot line gauge;
no intermediate anneal.
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LE 4-5

LONGITUDINAL AND TRANSVERSE TENSILE PROPERTIES OF
Al-Li-Zr (#22) SHEET SHT 975°F/30 MINUTES

Age Age Long{fudinal Trandvense
Tsmp. Time uTs VS Efong. uTs VS Elong.
{"F) (Hrs.) (Rsd) (had) %) [ka.i) | (Rad) {%)

L8 log.s | 46.4| 3.0%
57.1 | 45.4 | 2.0%
50.9 | 43.0 ¥
325 240 53.9 | 43.2| 5.0
55,3 | 46.4 1 4.0%
480 59.7 | 45.4 | 5.0%
e 14,2 [ 38.6 1 1.0% 531 34.81 5.0
44.3 | 34.2| 2.0*
lsg.8 | 44.8| 2.0% 47.1 | 39.2| 1.0%
64 57.6 | 44.4 | 3.0% 47.9 | 38.5| 3.0
350 56.7 | 48.7 | 1.0%
51.0 | 43.8 | 2.0%*
240 lsg.g | a4.0| 7.0%
55.2 | 44.0 | 3.0%
50.4 [ 41.7 | 3.0
270 47.7 | 40.9 | 2.0
; A1.9 | 32.41 6.0 AT.1 [ 30.1 ] 4.0%
43.7 | 30.7| s5.0%
L6 Yso.3 1 44.1] 3.0%
58.0 | 46.1 | 4.0
375 > 53.8 | 40.3 | 6.0 6.9 39.5 | 2.0%
55.4 | 42.1| 3.0 47.9 | 39.8| 2.0%
120 lss.5 | 42.5| 6.0
54.7 | 41.5| 6.0
53.6 ] 40.2 | 3.0%
168 49.2 | 38.3| 2.0*
l46.3| 35.4| 5.0
1 49.2 | 38.2| 5.0
30.9 | 33.7 | 2.0%
*
400 141.1 34.1 1 2.0
54.9 | 42.7 | 2.0% 46.1 | 36.5| 3.0
8 58.2 | 44.5 | 4.0% 46.6 | 35.9] 3.0
7.6 [ 39.0 | 4.0
45.6 | 39.9 | 2.0*

*Fracture outside of gauge length.

1

no intermediate anneal.

AR--Those cold rolled directly from hot line gauqge;




1
-7~
[
TABLE 4-6
LONGITUDINAL AND TRANSVERSE TENSILE PROPERTIES OF )
. El
Al-Li-2r (#26A--AR') SHEET SHT 975°F/30 MINUTES f
Age “Age Long(Tudinall | " Transvense ]
Temp. Time aTs v [ Tlong. + UTS 7 VS T Elona.
{"F) {Hns ) (ksd) (ks ) + _%)_W-iiﬁ5il_yiﬁffl; s
| SR TR LU S B ‘
24 | L 55.4 0 4n.i| 6.0 | 5
‘Jr + -”T S S| ‘
61.6 49.6 1 4.0  59.4 18, 5 6.0 :
325 120 57.6 | 50.4 | 2.0% 50,61 48.20 4.0% ’
57.6 | 47.5 | 6.0  57.5 47.5] 6.0 4
480 58.0 | 48.9 * 1 1
L |
A 51.1 | 42.6 ! 2.0% © 54.5] 49.1] 7.0 n
52.0 | 41.8 | 3.0%  54.6 12.9 ] 6.0%* i
— — e e — ——————4‘———»- ————— _ ' J
58. 4 49.1 1 1.0% 60.68 1 48.2 . 6.0%
350 32 60.4 1 48.1 , 3.0%* 58.8 1 47.27 4.0*% |
I
1 e HP—————-—-—j
270 58.0 | 45.4 | 4.0* 55. 4 ~- 8.0
57.0| 44.1 | 4.0* 55.41 43.8| 5.0
. —— T N S, _
3 55,6 42.9 6.0%
57.21 42.9] 6.0%
375 b
24 56.7 | 48.1 1 2.0% ' 58.9 45.7 7.0
60.1 | 47.2 . 3.0* | 59.41 46.7 8.0
! 174 *-—~ p— - O G
1 I ! |
50 1 56,2 42,4 6.0*
min. | S2.7, 42.11 4.0*
400 o e T R S
5 55.9 ' 44.9 2.0% 58,6 5.0] 12.0
i i 54.3 1 35.4 2.0% HRLH | 44,8 8.0
j— AP S R 1 a
*Fracture outside of gauae lTenath.
1I\R-—-—'I‘hosc cold rolled Jdireetdy fror Wt Tine anae;

no intermediate anneal,




TABLE 4-7

LONGITUDINAL AND TRANSVERSE TENSILE PROPERTIES OF
Al-Li-2r (#26B) SHEET SHT 975°F/30 MINUTES

Age Age Tong<fudinal Thandvense
Tsmp. Time uts VS Elong. urs yS Elong.
("F) (Hrs.) | (kRad) | (R&d) (%) {Rad) (kad) (%)
94 55.1 | 44.5 | 5.0%
55.2 | 43.8| 7.0
120 55.2 | 48.5| 1.0% 59.4 | 46.2| 6.0
58.4 | 49.2 | 1.0% 53.6 | 45.7 | 2.0%
325
480 61.0 | 48.7 | 5.0%
59.6 | 49.9| 2.0
600 61.8 | 49.0 | 3.0%
] 50.4 | 45.2| 1.0% 54.3 | 42.1| 6.0%
50.7 | 43.7 | 1.o0% 53.5 | 42.6 | 5.0%
52.9 | 48.8 | 1.0% 58.9 | 46.8| 6.0
350 45 56.1| 49.6 | 1.0* | 58.9| 46.0| 5.0%
300 60.7 | 46.8 | 4.0% 52.1 - 4.0%
58.7 | 45.6 | 6.0 53.5 | 42.2| s5.0%
5 45.4 | 41.7] 1.0 52.8 | 42.2| 4.0*
49.5 | 40.7| 2.0% 54.3 | 41.9| 6.0%
375
1 61.2 | 46.7| 4.0 57.9 | 46.3| S5.0%
56.5 | 48.1| 1.0% 56.8 | 45.6| 6.0
. 45.7 | 42.3| 1.0%
50.3 | 41.5| 2.0%
400
] 53.5 | 44.6 | 4.0 57.2 | 44.9| 5.0%
60.9 | 46.1| 5.0 57.2 1 45.2| s5.0%

*Fracture outside of gauge length.

P I e T L B T R
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TABLE 4-8

LONGITUDINAL AND TRANSVERSE TENSILE PROPERTIES OF

Al-Li-Cu (#19--AR!) SHEET SHT 975°F/30 MINUTES

Age Age Long«fudinal Transvense
Tsmp. Time urs VS tlong. ars VS tlong.
[YF) (Hrs.) | (Rad) | (R&L) ($) (Radi) | lkRad) ($)

L6 59.6 | 50.0 12.0% 58.0 | 43.6 | 11.0
62.3] 50.7| 5.0 57.2 | 44.2| 6.0
66.5| 55.7| 5.0
325 64 66.9| 55.7! 5.0
63.1| 47.8| 8.0
168 64.4 | 52.9]| 8.0
; 59.0 | 45.7| 9.0 55.4 | 41.8 [ 12.0
57.2 | 44.1| 5.0% 55.0 | 40.7 |12.0
63.1| 50.6| 6.0 57.7 | 43.8 | 6.0%
350 32 63.4 | 52.7| 4.0% 58.2 | 45.9 |11.0
% 60.1 | 48.8| 5.0 55.0 | 44.2 | 8.0
60.1 | 48.0] 6.0 55.2 | 43.8| 8.0
5 58.8 | 44.7| 6.0% 55.7 | 42.5 [12.0
56.0 | 43.7| 8.0 54.5 | 41.6 |11.0
59.9 1 49.7| 8.0 54.1 | 42.8 |10.0
375 16 60.3| 49.7| 8.0 53.5 | 41.7 | 8.0
a5 54.5( 43.3| 8.0 49.4 | 38.6 | 8.0
53.6 | 39.0| 8.0 50.3| 39.4| 8.0
Natural | 6 40.3 | 23.8 | 21.0
age months 39.5 23.7 | 21.0

*Fracture outside of gauge length.

1

AR--Those cold rolled directly from hot line gauge;
no intermediate anneal.
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TABLE 4-9

LONGITUDINAL AND TRANSVERSE TENSILE PROPERTIES OF
Al-Li-Mg-Si (#20) SHEET SHT 975°F/30 MINUTES

Age Age Longifudinal “Transvense
TSmp. Time ars VS Elong. urs YS Elong.
("F) (Hra.) | (R&4) | (R84 (%) (Rad) | (Ra) (%)
120 62.6 | 53.5| 2.0%* | 160.7 | 51.9| 2.0
5.2 | 51.5| 1.0%
325
54.9 | 49.2 *
480 57.6 | 50.7 | 2.0*
3 52.6 | 45.1 | 2.0*
59.4 | 45.6 | 3.0
350 T
16 60.4 | 50.6 | 2.0%* 54.0 | 49.0( 2.0
57.3| 50.9| 2.0 58.3 | 48.7 | 2.0
) 60.4 | 47.4 | 3.0*
55.3 | 48.8 | 1.0*
63.2 | 51.9 | 2.0*
375 8 55.3 | 49.3| 2.0%
45 lsa.8 | 45.7 | 2.0+
49.6 | 45.1 | 1.0%
40 Ys54.6 | 45.2| 4.0
min. 49.9 | 45.3 | 3.0
400 2 62.8 | 49.2 | 4.0 Ysa.7 | as.1 | 2.0 .
54.0 - - 54.9 | 48.0 | 4.0
l
16 54.9 | 42.4 | 4.0 |
55.1 | 40.0 | 1.0* |

*Fracture outside of gauge length.

lAR——Those cold rolled directly from hot line gaugqge;

no intermediate anneal.

R e e R
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TABLE 4-10

LONGITUDINAL AND TRANSVERSE TENSILE PROPERTIES OF
Al-Li-Mg-Si (#21--AR") SHEET SHT 975°F/30 MINUTES

Age Age Long<fudinal Trandvense
Temp. Time uTrs Vs Elong. uTs Vs tlong.
{“F) (Has.) | (kad) | (R84) (%) (kad) | {Rad) (%)
g 46.6 | 45.9 1 2.0 57.2 | 45.5| 6.0
51.7 | 46.4 | 1l.0% 57.4| 45.7{ 6.0 ;
E,
56.9 | 52.3| 3.0 §
325 64 57.0 | 52.1| 1.0 ’ﬁ
300 60.8 | 49.2 | 5.0 58.1 | 48.8 | 4.0 "
58.9 | 49.8 | 4.0 58.0 | 48.5 | 3.0%* A
I
1.5 50.3 | 44.7 | 1.0% 51.0| 41.8 | 6.0 |
. 51.8 | 44.3 LO* 54.1! 43.1] 6.0 A
58.5 | 50.5 | 2.0 56.8 | 47.7| 4.0 [
350 16 47.2 - 1.0% 57.0 | 48.4 0%
55.4 | 44.7 | 2.0*
200 52.1| 45.5| 2.0 i
1.5 46.8 -- 1.0%* 49.4 | 44.1 ] 3.0
. 56.0 -- 2.0 56.7| 44.8 | 6.0
375
6 54.1| 49.8 | 2.0 57.8 | 48.3 ! 4.0* i
56.3 | 49.7 | 2.0 57.7 | 47.6 | 4 1
i
30 53.6 | 46.3 | 2.0% 54.9 | 43.6 | 6.0 i
min. 51.4 | 46.1| 2. 54.0| 44.3| 5.0 ;
400 1 55.2 | 47.3| 2.0 48.7 | 45.1| 3.0 i
57.2 1 47.5 | 4.0 54,31 45.4 | 4.0
16 53.8 | 45.0 | 2.0*
53.5 | 45.6 | 2.0 !

*Fracture outside of gauge length.

lAR—-’I‘hose cold rolled directly from hot line gauge;

no intermediate anneal.
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TABLE 4-11

LONGITUDINAL AND TRANSVERSE TENSILE PROPERTIES OF
Al-Li-Mn-Fe (#23) SHEET SHT 975°F/30 MINUTES

Age Age Long<tudinal Trhansvense
Tsmp. Time ars Vs Elong. urs YS Elong.
(“F) (Has.) | (kRsd) | (Red) (%) (Rsdi) | (Rad) (%)

56.8 43.4 3.0%*
325 4 240 56.8 | 44.1| 2.0%
16 50.3 41.3 2.0%
53.8 38.8 2.0%*
350 90 59.2 41.8 4.0%* 145.7 42.2 1.0* !
56.6 42.5 3.0% 47.9 42.9 1.0
54.4 -— 3.0
600 56.41 42.9| 3.0 |
4 51.5 37.5 2.0%*
52.9 38.7 3.0*
375 1
375 55.5 41.8 2.0%* 48.5 42.9 1.0
51.4 38.7 2.0%* 51.0 42.4 1.0*
8 57.1 40.4 4.0*
49 .2 35.6 4.0*
400 1
45 49.8 40.0 2.0%*
48.8 39.6 2.0%*

*Fracture outside of gauge lenath.

1AR——Those cold rolled directly from hot line vauge;

no intermediate anneal.
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TABLE 4-12

LONGITUDINAL AND TRANSVERSE TENSILE PROPERTIES OF
Al-Li-Mn-Fe (#24) SHEET SHT 975°F/30 MINUTES

“Age Age Long{fudinal Trnansvense
Temp. Time aTs Vs Elong. urs A tlong.
(CF) | (Hns.) | (ksd) | (Rad) | (%) | (kad) | (Rad) | (%)
61.4 | 47.2 | 3.0%*
325 | 480 62.1| 46.5 | 3.0*
le47 2 1.0%*
350 90 57.0 | 44.3 | 2.0%
s lss.3] 36.7| 4.0
54.9 | 38.9 | 4.0*
375 1
64 56.8 | 43.3 | 2.0%*

55.9 43.6 2.0%

*Fracture outside of gauge length.

lAR——Those cold rolled directly from hot line gauge:

no intermediate anneal.
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)
'? TABLE 4-13
LONGITUDINAL AND TRANSVERSE TENSILE PROPERTIES OF
' Al-Li-Mn (#25) SHEET SHT 975°F/30 MINUTES
Age Agc Long<fudina? Transvense
Tsmp. Time aTs Vs Elong ars A Elong.
(" F) (Hra.) | (Rad) | (R&d) (%) (Rsd) | (kad) (%)
le1.0 | 45.6 | =
60.5 45.9 3.0 3
325 480 .
53.7 46.3 * - o
57.0 45.8 3.0 g
32 46.8 38.1 2.0
46.9 38.6 2.0*% |
350 i
52.4 41.1 2.0*
120 52.8 | 41.4 | 2.0%
L T -
4 58.1 38.1 5.0
56.7 | 38.8 | 4.0%
g 44.6 3.2 1 1.0
i 49.1 37.2 2.0
f | A
| 57.6 | 42.3| 2.0% l
375 64 58.9 | 43.2| 4.0 |
+ {
90 51.2 | 42.3 . 2.0* =
50.7 41.6 ~ 1.0*
54.5 | 51.2 * | f
| 480 55.0 | 41.6 | 3.0 !
1 -
1 :
1.5 47.3 33.6 1 4.0
: 50.8 34.6 6.0 .
1 o
| 8 61.1 | 42.7 | 4.0% | : .
1 59.8 | 41.4 3.0% |
i 400 I ‘ ' —
, 35.3 { -- | 1.0 52.7 | 38 4.0
53.1 | 40.7 2.0* 54.6 39.1 4.0
16 — —_
, 49.9 | 40.4 | 4.0 | |
‘ | 52.4 + 40.7 i 4.0 i E
*I'racture outside of gauge length. ‘{
lAR——’I‘hosc cold rolled directly from hot line aauac;
no intermediate anncal.
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TABLE 4-15

KAHN TEAR TEST RESULTS*

#10--A1-2.8Li

Unat
oftal
neraqy

=D

258

119

(Zur/q3-u7)
noyau3

~dovg yrun

72

(ZuY/qy-uY)
hbyaug

"YYul ¥yun

186

112

Yybuawys
PaoYA/ ¥V}

52

.10

Unct
Total
Enengy

328

150

ﬁmsw\ow-zwv
hbyoug

“dowd yrun

103

14

(ZUY/qy-uY)
hbwauz

YYup un

225

136

Yybuauys
PyoYA/¥V]

1.55

.20

1

Aging Condition

4OOOF/2 hours

400°F/32 hours

*Triplicate specimens.
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TABLE 4-16

KAHN TEAR TEST RESULTS¥*

#22--A1-3.3Li-0.082r

L-T T-L
I B P Sole oz
. Ly . \] . = = . . == o TR Z
Agng Conddction | -< Y § 23353 Untt IH|ITZI|I8FH3 Unct
S > 2 | m e |a o~ | Total > < | 2 a & | Totat
§N SRS 2’13 Enengt T2 |w8¥8|0gd E y
S8 -SLG. "Sm. 94 1 S8 -3;3. NN heagt
o U = = = (Wi dp} = = = =
- S 33 = — S 9|3 R
350°F/240 hours 1
0.65 74 ) 74
(AR)
375°F /120 hours
) 0.97| 124 58 182 | 0.76 74 0 74
(AR)
2
350°F/240 hours | 1.00] 141 15 156 | 0.86 106 6 113
375°F/2 hours 1.55/ 238 140 1402 1 1.53 206 111 317
0.125" sheet
(no cold roll)
350°F/240 hours | 0.98| 184 0 1842 | 0.74 95 0 95
375°F/2 hours 1.84] 433 241 674 | 1.73 275 19 294

*Duplicate specimens.

lsingle specimen--duplicate specimen fracture angle > 30°.

2

All specimens fracture angle >30°.
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TABLE 4-17

KAHN TEAR TEST RESULTS*
#26A--A1-3,2Li-0.08Zr

L-T T-L
" S &0 | 8 S S e & .
. iy i | o> Unit %§<= Eg =l omg Unit
Aging Condition ST § Q| 2 o3 RES I | & o3
S 1BEE I SIS Sl S RO
-':’5 gu.ll 3\4.1&!) nergy -!:‘5 :‘SLUI ‘*SI-UI Enng
3 2 |ls = < s =l=s =
dn |3 S [|S N 3o |53 SIS S
- — — - — -
350°F/4 hours 1.28 265 295 se0l | 1.08| 189 78 266
350°F/32 hours | 0.99 171 34 206 0.93| 130 0 130
3500F/270 hours | 0.89 105 11 116 0.73 74 0] 74
400°F/2 hours 1.20 232 194 a26’ | 1.10| 225 9 233

*Triplicate specimens.

1All specimens fracture angle > 30°.

swo

T arA® A

Y

o

sttt e i Bt
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TABLE 4-18 b

KAHN TEAR TEST RESULTS*
#19--A1-2.2Li-2,0Cu-0.102xr

| L-T T-L
- i e < n ol
. .. SIS | unit | I {g > | g8 Unit
Aging Condition 53**’ Em‘*’ SN . QF | F o
gLhg S2ITS5 |58 |Total | X2 |S535 | S5 Totat
Ss ‘gfx? Elﬁ? Energy \5 g;ﬁ? RS S| Enengy
CIERE: 5 SERE
(SR} = 3 ~ v) = 3
- et ~— - — — )
3250F/16 hours 1.16 265 86 351 1.34 272 80 351 !
350°F/3 hours 1.39 309 236 544 1.48 349 138 487
37SOF/2 hours 1.40 347 194 5411 1.47 361 80 442
3750F/16 hours 1.12 244 41 286 1.33 273 43 316

*Duplicate specimens.

lSingle test result, duplicate specimen fracture angle >30°,
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TABLE 4-19 &

KAHN TEAR TEST RESULTS*
#21--A1-3.2Li-0.37Si-0.20Mg 4

L-T T-1
" N - - g N
R oms . = I3 (g . g
Aging Condition :‘ji §§§ & gi Unct Té*& - g’i & g’i Unct :
>3 o o(Total | > = ) o [Total -
~ Y Ly ~ o R o) L ad ;
$5(30L|FSL|tneray | 55 (FSL |IDT |Eneray ¢
.3‘” SECA ] .Scn S 3|5 = ?
¥
325°F/8 hours 2
1 1.04 164 25 189 1.04 161 19 180
AR .
4
325°F/300 hours :
AR 0.87 131 7 138 0.73 85 1 86 2
!
325°F/8 hours 0.99 139 33 172 1.07 174 16 190
325°F/300 hours | 0.79| 101 9| 111 |o0.70| 83 0 83
*Triplicate specimens. ?
1AR--Those cold rolled directly from hot line gauge; no intermediate
anneal.

2Single specimen--duplicate specimen fracture angle >130°,

e i mare vy
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TABLE 4-20

KAHN TEAR TEST RESULTS*
#25--A1-3.2Li-1.26Mn

S R AT T

B it Rt SR

T-L

+
=
S

Total
Enengy

184
79

(,UY/q3-uY)
Nmmszm
“dovg xyun

42

(;47/97-u7)
hbyou3

¥ 3run

142

yybuouys
PIoYA/ WV L

18
78

L-7

Unct
Total
Enengy

264
112

(;u2/97-u7)
hbyou3
“dowd Frun

70
6

jl - ——
(u>/q3-u7)
hbyau3

TYul Frun

194
106

ypbuowgs
PYOYA/UV2L

|

y 1.26

Aging Conddition

F/64 hours ‘ 0.91 |

375°F/4 hours

375°

e AT R AP A 10 st -1 AL IV o' - i U

*Triplicate specimens.
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TABLE 4-21

TYPICAL TENSILE AND TEAR PROPERTIES
OF SOME COMMERCIAL ALLOYS

ALLoy LongiLudinal Thansverse 4

1.0 TS, yS. | Elong.|  UPE 9 18, VS |Elong. T UPE 7 .
Ve (pa4) | [(psd) | (%) |(in-£b/in%) (ps4) | (psd) | (8) |(in-€b/in“)

2020-T4 50,000 | 34,200 16.5 1110 49,400 | 31,600 16.5 1060 4

-T6 82,000 | 77,500 7.4 30 81,800 ; 75,400 7.0 15 %

¢

H

2024-T3 69,600 | 52,400 19.5 710 67,400 | 46,400 19.7 600 N

-T6 67,200 |53,200 9.5 275 66,300 | 51,800 8.8 245 4

-T86 | 77,100 | 72,400 6.4 130 76,100 | 71,200 6.1 115 ;

i

;

7075~T6 82,300 | 74,900 11.2 290 82,3001} 72,500 10.8 220 i

-T73| 71,600 |60,300 10.6 510 72,900 | 61,000 10.3 400 é

&~

From Reference 5

N




FIGURE 4-1.

LONGTTUDINAL

Intermediate
As-solution

Electrolvtic

CROSS-SECTTION OF

anncal before oo
heat treatoed,

cteh, 100X,

Al-Li (#10)

d rolling.




A. Intermediate anneal before cold rolling.
As solution heat treated.

As solution heat treated.

FIGURL 4-2. LONGTTUDINAL CROSS-SECTIONS (F Al-Li-7r (#22)

Electrolytic cotch, 100X,
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FIGURE 4-3. LONGITUDINAL CROSS-SECTION OF Al-Li-Zr
(#26A--AR)

No anneal, as solution heat treated. ——
Electrolytic etch, 100X. 100u

FIGURE 4-4. LONGITUDINAL CROSS-SLECTION OF Al-Li-Zr
(#26B)

Intermediate anneal before cold rolling.
As solution hecat treated.

FElectrolytic etch, 100X.
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FIGURE 4-5. LONGITUDINAL CROSS-SECTION OF Al-Li-Cu
(#19--AR)

No anneal, as solution heat treated.
Electrolytic etch, 100X.

100,

FIGURE 4-6. LONGITUDINAL CROSSE-ST

CTION OF Al-Li-Mg-Si
(#20-~A1R)

No anneal, as solution heat treated.
Flectrolvtic otceh, 100X.
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FIGURE 4-7. LONGITUDINAL CROSS-SECTION OF Al-Li-Mg-Si
(#21--AR)

No anneal, as solution heat treated.

Electrolytic etch, 100X.
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A. No anneal.

Solution heat treatmwent 975°1 (524°C) /730 minutes.

n. #23-h.
Solution heat treatment 1050°F (565°C) 71 hour.

PIGURD -8, LONGITUDINAL CROSS-USPCTIONS OF Al-Li-Mn~-Fe
o (=)

Electrolyvtic oteh, 100N,




A,  #24--AR, no anneat.,
Solution heat treatment 97570 (H247°¢) 730 minutes.

106G L

B. $24-h.
Solution heat btroeatmeatr Paie 1 i o 7T hoar,

FPIGURE 4-9.  LONGITUDIYAL CRocr =00 v 10 o Al=11-Mn-Fe
’ (#00)

Prodosest pran bt pae oy AR
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FIGURE 4-11. LONGITUDINAL CROSS-SECTION OF Al-Li-Zr (#22-~-AR)

As solution heat treated.
As-polished, 500X.

—_—
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FIGURE 4-12. LONGITUDINAL CROSS-SECTION OF Al-Li-Cu (#19--AR) .

As solution heat treated.
As-polished, 500X.
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FIGURE 4-13. LONGITUDINAL CROSS-SECTION OF Al-Li-Mg-Si (#20)

As solution heat treated.
As-polished, 500X.

N ) -‘.‘-

NN V.

>,
e . ) & Cecnuy Ve
- A . . - ‘w

omst » 540 e 9 0t o

FIGURE 4-14. LONGITUDINAL CROSS-SECTION OF Al-Li-Mn-Fe

As solution heat treated.
As-polished, 500X.
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FIGURE 4-15. LONGITUDINAL CROSS-SECTION OF Al-Li-Mn (#25--AR)

As solution heat treated.
As~-polished, 500X.
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FIGURE 4-16. TRANSVERSE CROSS-SECTION OF Al-Li-Zr (#26A--AR) i

975°F (524°C)/30 minutes + 375°F (177°C) /480 hours.
Keller's reagent used to reveal subgrain structure.

20 p

O N .‘-‘":'. s R S - .
FIGURE 4-17. LONGITUDINAL CROSS-SECTION OF Al-Li-Cu (#19--AR)

975°F (524°C)/30 minutes + 375°F (177°C)/480 hours.
Keller's reagent used to reveal subgrain structure.
500X%.




FIGURE 4-18. LONGITUDINAL CROSS-SECTION OF Al-Li-Mg-Si (#20)

FIGURE 4-19.

-

975°F (524°C) /30 minutes + 375°F (177°C)/480 hours.

Keller's reagent used to reveal subgrain structure.
500X.

20y
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Parte

LONGITUDINAL CROSS~SECTION OF Al-Li-Mn-~Fe (#24-h)

1050°F (565°C)/1 hour + 375°F (177°C)/480 hours.

Keller's reagent used to reveal subqgrain structure.
500X.
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FIGURE 4-38. SEM OF Al-Li-2Zr (#22--AR)

Aged 350°F/64 hours.,
Lonagitudinal tensile fracture surfaceo.
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T

FIGURE 4-45. TEM OF Al-Li-%r (#26A) SHEET

Aged 400°F/50 minutes (underaged). 11,500X.
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FIGURE 4-49. TEM OF Al-Li-Mn (#25--AR) SHEET

Aaged 400°F/64 hours.
Typical of matrix showinag MnAl, insolubles.
22,000%.
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FIGURE 4-51. TEM OF Al-Li-Mn (#25-h) SHIET

Solution heat treated 1050°F/1 hour
400°F/64 hours.
PFZ around MnAl, insolubles.
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SRR R RN N iMool Al=-Li-Cu (#19-=AR) SHERT

Aot e hogrs (reak hardness) .

R I L R U L & AT G ’I‘], B} 'I'P). 22,600X.




FIGURE 4-55, TEM O Al=-Li-Cu {(#19~-AR) SHEET

Aged 375°T /16 hours (neak hardness) ., 22,000X.
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FIGURE 4-56. TEM OF Al-Li-Cu (#19--AR) SHEET

Aged 375°F/45 hours (overaged).
Note precipitate nucleation at subgrain
boundaries. 22,000X.
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FIGURE 4-57. TEM OF Al-Li-Cu (#19--AR) SHEET

Aged 375°F/45 hours (overaged) tvpical. 22,000X.
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FIGURE 4-58., TEM OF Al-Li-Cu (#19--AR) SHEET

Aged 375°F/45 hours (overaqged).
Platelike T, precipitates and hcavy subarain
boundary précipitation. 46 ,000X.
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FIGURE 4-60.  TEM OF Al-Li-Cu (#19--AR) SHEET
. Aaed 375°1/4% hours (overaaed) . 46,000X.

-
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FIGURE 4-61.  TEM OF Al-1i-Co (5i9--Ak) GRIET
Aged 350°F/480 hours (ovoraoed) ., 20, 000N,




FIGURE 4-62. TEM OF Al-Li-Cu (#19--AR) SHEET

Same sample as 1n Fioure 4-61, under different

diffracting conditions.  Aacd 350°F 7480 hours

(overaqged) .  Much ’I‘l reclplt at ton 1S oanparent .
20, 000%.
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FIGURE 4-64. TEM OF
Aaed 350°F /480 hours

'I‘[ pbrecipitation.

Al-Li1-Cu (#19-~AR) SHEET

{overaged) . xtensive
46,000X.




PIOURE =65, T i
IRCREAYE: 4

toenstle teny s

A g R LR T WO Y - P




PIGURE 4-66, TEM OF Al-Li-Cu (#19--AR) SHEET

Same sample as in Fiaure 4-65, under different
diffracting conditions. Agoed 3I75°F/45 hours
(overaaged) from transverse tensile test gauae
Ssoction., 22,000X%.
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CONCLUSIONS AND RECOMMENDATIONS

Process Development

Aluminum-~lithium sheet of lithium content up to 3.3% can
be fabricated using the casting and rolling procedures outlined.
There are problems with hydrogen, porosity, and inclusions.

No immediate solution to the hydrogen and porosity problems

has been found in the high lithium alloys.

Alloy Development

The Al-Li-Zr, Al-Li-Mg-Si, and Al-Li-Mn-(Fe) alloys studied
do not offer any improved fracture properties over high lithium
alloys in other studies.

The Al-Li-Cu alloys offer better fracture properties in
that elongation is 8%-12% and Kahn tear test results are some-
what improved. However, crack propagation energy is quite low.
There is evidence that fracture is associated with failure at
subgrain boundaries. It has been shown that such boundaries
exhibit significant grain boundary precipitation and the growth

of a precipitate-free zone with extended aging.

On a microscale the fracture surfaces of each alloy showed
dimples, which are normally associated with ductile fracture.
The reason for such pronounced dimples in relatively brittle
material has not been completely defined. The dimples become
more prominent and well-defined with increased aging. 1In the
Al-Li~-Cu alloy the dimple size corresponds approximately to sub-
grain size, indicating that fracture may be associated with sub-
grain boundary failure. Dimples in such a case may be present
due to a relatively ductile precipitate-free zone (PFZ), which
forms on grain and subgrain boundaries. Such PFZ's grow with
aging, possibly explaining the increased prominence of dimples
in the overaged samples. A major consideration, though, should
be given to the role of hydrogen in these alloys. The high W

hydrogen levels found in lithium-containing alloys may be a

controlling factor in microvoid coalescence and carly «grain

R O e iR P
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boundary failure. The dimples may result from some combination
of the above factors. Further study is needed to answer these
guestions.

The precipitation mechanism in the Al-Li-Cu alloy appears
to follow the sequence observed by workers with alloys of lower
lithium content, i.e. the independent precipitation sequences
of the Al-Cu and Al-Li systems.

Solid solution - GP = 9" - g', and

solid solution = 6'.

However, TEM of the current alloy indicates that there is copious
precipitation of the ternary hexagonal phase, Tl’ as described

[30]

by Silcock in the overaged tempers. T, may form from the

1
solid solution or from a transformation of 6' after diffusion

of lithium into the §' takes place.

Though fracture toughness properties are not good, there
are methods which may be useful to improve the behavior in
some of the alloy systems. In the Al-Li-Cu system manipulation
of the aging program, thermomechanical treatment (TMT), or
addition of an alloying element to form a nucleating phase
may be useful in stimulating the precipitation of 8" while
inhibiting the ripening of 6'. 1In this way high strength,
due to the 6", could be realized, while the planar slip and brittle
fracture, due to &' ripening, could be reduced.

In two systems, Al-Li-Mn-(Fe) and Al-Li-Sc, the use of
rapid solidification methods such as powder metallurgy may
prove useful. 1In the dispersoid system, Al-Li-Mn-(Fe), a
rapid solidification may provide a dispersion of (Mn,Fe)Alg
of a fine enough scale to require cross-slip for dislocation
movement. This would alleviate the embrittling planar slip
problem while providing an additional strengthening mechanism.

The application of rapid solidification to the Al-Li-Sc
system may provide an interesting modification to the Al-Li




-154-

precipitation system. The Al S precipitate is isomorphous
with ¢'. A substitution of scandium for lithium in ¢' may sig-
nificantly affect the precipitate lattice parameter or matrix-
precipitate interfacial energy. The equilibrium solubility of
scandium in aluminum is so low, however, that at normal aging ‘
temperatures virtually no precipitation involving scandium takes

place when using conventional ingot metallurgy.

A comparison of the alloys shows that zirconium affords q

very good recrystallization inhibition, even with relatively s
high SHT temperatures, while such an effect due to manganese/ |;
iron was not seen. It should be noted, though, that no improve- T4
ment in mechanical properties in the unrecrystallized material ;
over the recrystallized material was observed. However, if an 'i
]

unrecrystallized microstructure is sought, it is probably ‘

desirable to use zirconium, even in high manganese/iron alloys.

Recommendations for Future Work

Casting and Fabrication

1. Insulated sidewalls of bookmold or DC casting. A ‘
directional solidification may drive porosity to the top ’

rather than the center of the ingot.

2. Investigation of the effect of time and temperature during
intermediate anneal. A lower temperature or shorter anneal
time before cold rolling may solve the edge cracking prob-
lem, yet allow an unrecrystallized microstructure to be

retained in the final sheet product.

Alloy Development

1. Application of rapid solidification technology to the
Al-Li-Mn-(Fe) system. The casting of these alloys in

bookmold form resulted in large insoluble particles of

(Mn,Fe)Al, . A rapid solidification rate process, such as
in powder metallurgy, may provide a high volume fraction
of fine dispersoid. Such a dispersion might encourage

cross-slip and decrease planar slip in the alloy.

S “._“ ;
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Application of rapid solidification technology to the
Al-Li-Sc and other systems. Scandium forms Al_Sc, which

is isomorphous with &' (Al_,Li). 1In conventional ingot

metallurgy scandium has virtually no solubility in aluminum.

Using rapid solidification rate methods, the solubility of
scandium in aluminum can be increased. It may be possible
to precipitate, or form by diffusion, a ¢' with at least
some scandium, or Al,(Li,Sc). This would change the ('
lattice parameter and aAl-o' interfacial energy, possibly
decreasing the planar slip encouraged by the small lattice

misfit and interfacial energy in the Al-Li system.

This technique may be useful in other aluminum alloy
systems. A high zirconium alloy is such a possibility
since an ordered coherent face-centered cubic Al;Z2r pre-
cipitate is formed in the Al-Zr system with a lattice

parameter close to that of the aluminum matrix.

Modification of precipitation sequence in the Al-Li-Cu
system. The concept involved is to encourage strengthening
by " while slowing the ripening of ¢'. In this way o',
which controls fracture behavior in the system, may be re-
tained fine enough so that ductility is not too severely
reduced. In this way the benefits of lowered density and
increased modulus may be obtained while the severe planar
slip is minimized. Possible methods to accomplish this
precipitation modification include thermomechanical treat-
ment (TMT), an appropriate aging program, or modification

with other alloying elements.

e gan AL
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