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SUMMARY

The Al—Mg—Li alloy system has demonstrated the potential
of providing attractive combinations of density , elastic modulus ,
and strength, so a program to optimize composition in this system
was undertaken. The program was conducted in two phases. In Phase
I, a series of alloys consisting of an A1—3.5 Mg—2 .5 Li base with
recrystallization inhibiting additions of either Cr, Mn, or Zr
was investigated. Comparative evaluations of tensile and notch
tensile prop erties were made on six alloys containing two levels
of each ancillary element in the extruded, solution heat trea ted ,
quenched , and artificially aged condition. The alloy containing
0.3% Mn developed the best combination of strength and notch
toughness.

Under Phase II, effects of Mg and Li content in the Al—Mg—
Li-0.3 Mn alloy system were determined. Nine alloy combinations
ranging from 1.4 to 3.1 Li and 2.0 to 4.9 Mg were evaluated. The
primary strengthening agent, A13Li (6#), was confirmed and the
beneficial effect of Mg on strength was attributed to a solid solu-
tion strengthening mechanism. The presence of the high volume
fraction of ordere d Al 3Li, a Cu3Au (L12)-type superlattice, appeared
to control the deformation mode. The mechanical behavior of these
alloys was thus interpreted in light of the existing models of

I deformation in ordered alloy systems.

The high rate of work hardening in the Al—Mg-Li alloys was
attributed to the ordere d, metas table preci pitate , the presence of
which controls the generation and motion of  superla ttice dis-
locations during deformation. The superlattice dislocations are
effectively locked during cross-slip. The low notch toughness and
fracture along grain boundaries of artificially aged Al-Mg-Li
extrusions were attributed to: (a) a build up of high stress con-
centrations at the boundaries by limited cross-slip and dislocation
locking and (b) reduction in grain boundary strength as a consequence
of heterogeneous precipitation of A12MgLi and/ or  segregation of
trace impurities on grain boundaries.
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FOREWORD

This work was performed for the U.S. Naval Systems
Command under Contract N62269-74-C-0438 . Mr. J. W. Evancho
was the project engineer for the initial portion of this
contract. Dr. T. H. B. Sanders was project engineer for the
final segments. Mr. J. T. Staley supervised their work. The
contract monitor for the U. S. Naval Air Systems Command was
Mr. E. S. Balmuth.
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BACKGROUND AND OBJECTIVE

The Al-Mg-Li alloy system has a potential of providing
high strength in heavy sections, good resistance to stress-corrosion
cracking , and high fracture toughness. 1

’
2 More importantly, this

alloy system also has the potential of providing a unique coinbina-
tion of high modulus of elasticity and low density.

Work in the Soviet Union with additions of Zr , Mn , Ti ,
and Cr resulted in the development of alloy Ol420.~

-
~ The alloy,

which contains 4.0—7.0% Mg and 1.5—2.6% Li, has reportedly been
cast in ingots up to 31 inches in diameter and has been fabricated
into ex trusions , forgings, sheet, and plate.’0 Strengths of the
extruded bars and panels exceed strengths predicted from work with
ternary alloys by approximately 10 ksi, but strengths of the other
products are more in line with expected strengths of ternary alicys.
Alloy 01420 al so has gooa f a t igue strength in air and cor rosive
media and it is weldable. L

In this country development of an Al—Mg—Li alloy was
initiated under Naval Air Development Center Contract No. N62269-
13—C—0219 for Naval Air Systems Command. Four high solute alloys
were investigated: an alloy containing 5.2% Mg, 2.7% Li, and 0.2%
Zr that had been reported by Fulmer Research Institute2 to develop
an attractive combination of tensile properties, toughness, and
resistanc e to stres s corrosion ; a higher solute alloy containing
v.0% Mg, 3.2% Li, and 0.2% Zr; and similar versions of both of
these alloys containing 0.3% Mn instead of 0.2% Zr. Results of
the work done on these alloys indicated that high solute Al—Mg-Li
alloys are difficult to cast and fabricate, are not as tough as
lower solute Al—Mg-Li alloys, and deviop strengths lower than
those of leaner Al—Mg-Li alloys. Consequently, development of
high solute alloys was terminated.

Suf f i cient inf ormation is not availa ble to determine the
composition providing optimum combinations of mechanical properties
and corrosion charac teris tics , f abricabi l ity ,  and castability.
During development of  alloy 0142 0, Russian investigators at tri buted
har dening to a transition phase of  A12MgLi , and the composition of
alloy 01420 was selected because it is primarily in the Al 2MgLi
phase field. Recent work,11 however, indicates that the same trani—

- 
- 

tion phase observed by the Russians is res ponsible for hardenin g in
binary Al—Li alloys, thereby suggesting tha t compositions in the
Al 2MgLi phase field are not necessary for hardening.

Previous work indicated two potential approaches to increase
the peak strength and decrease the time necessary to develop peak
strength during artificial aging of Al—Mg-Li alloys. Work with the
high solute alloys indicated tha t the yield strength could be in-
creased by more than 20 percent by cold rolling (30 percent reduction)
between the solution heat treat temperature and artificial aging .12

11
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The ef f e c ts of def orma tion on the precipi tation reac tion
can phenomenologically be considered using classical homogeneous
nucleation theory.’3 For homogeneous nucleation of a precipitate
fran a supersaturated solid solution, the Gibbs f r e e  energy can
be written as:

G AGvoiume + AG f + AGstrain •

Since the matrix is metastable with respect to the pr ecipitate, the
AGvol~~ e term is negative while the AG surface and AG strain terms are
positive ; theref ore , the total free energy is then dependent upon the
ra dius of the nucleus of the precipitating phase. The effect  of

- 
- disloca tions on the nuclea tion of  a precipi tate has been considered

theoretically. The underlying assumption is that the presence of
the disloca tion reverse s the sign of  the AGstrain and, theref ore ,
the precipitation reaction is driven in the direction of completion.

In general , most precipitation processes in age-hardenable
aluminum alloys can be written acccr ding to the f ol lowing scheme:

supersaturated , solid solution + coherent zone semicoherent,
intermediate precipitate + incoherent precipitate.

By varying the type and number of nucleating Sites present, precipi--
tation can occur within the matrix , on dislocations and subgraii:s,
or or~ grain boundaries. Therefore, depending upon the degree of
misfit between the dif f e r e n t produc ts in the preci pitation reac tion ,
a variety of microstructures can be achieved and explained according
to this simple model.

Work done by Hardy l L suggested that minor alloying addi-
tions might provide a similar strength increase in Al—Mg-Li alloys
without cold work. Hardy ’s work indicated that the addition of
0.10% Cd to an Al-Li alloy significantly altered its response to
ar tif i c i a l  aging. Furthermore, the ef f e c t of  the Cd ad dition on the
yield strength was compara ble to the ef f e c t  of  increasing the solute
content and stretching 5 percent before artificial aging. The in-
creased response of the Al-Li-Cd alloy to artificial aging was
attributed to facilitated nucleation of the A1Li phase. Most recent
reports on the aging kinetics of Al-Mg-Li alloys indicate that
maximum strength is associated with precipitation of a transition
phase of  A13Li.11 Consequently, it was reasoned tha t Cd addi tions
to ternary Al—Mg—Li alloys could have the same beneficial effect as
reported for binary Al-Li alloys with the result that high yield
strengths might be produced in Al-Mg-Li alloys without cold working
prior to aging.

12
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Additions of Be were also considered.6’1~~~
18 Minor

additions of Cd or Be to Al-Cu alloys facilitate precipitation of
e . 18 20 Furthermor e, additions of both Cd and Be to Al-Cu alloys
have an additive effect on precipitation , thereby producing higher
strengths than if either Cd or Be were added separately. Because
the effect of Cd on precipitation in Al—Li alloys is analogous to
the effect of Cd on precipitation in Al—Cu alloys,18 minor addi tions
of Be or Cd+Be to Al—Li or Al-Mg-Li alloys might also facilitate
precipitation , thereby producing high yield strengths.

The objective of this investigation is to determine the
Mg and Li contents and the type and amount of ancillary element
addition that provide the optimum combinations of  strength , tough-
ness,  modulus , density , castability , and f abricabil i ty and to
determine if  Cd or Cd+Be af f e c t  either res ponse to ar tif i c i a l  aging
or maximum strength of Al-Mg-Li alloys.

PROGRAM

The work was conducted in two phases. As a result of Phase
I (Appendix A), 0.3 percent* Mn was selected as the ancillary
element addition.

Under Phase II , effects of Mg and Li content and of Cd
and Cd-i-Be additions were investigated. Solution heat treatment and
artificial aging surveys of extruded rod were conducted , and the
following properties were determined on extrusions aged to maximum
strengths and the results were interpreted in terms of micro-
structure :

1. Density
2. Elastic Modulus
3. Tensile
4. Notch Tensile

Tensile properties and notch tensile strengths were also
determined on extrusions aged beyond max imum strength.

EXPERIMENTA L

Ingot Casting

To determine the effects of Mg and Li content and of Cd
and Cd+Be additions on the mechanical properties of an Al-Mg-Li alloy,
target compositions in Table 1 were cast as 6-inch diameter D.C.
ingots.

FAll compositions in this report will be given as weight percent
unless otherwise specified.

13
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Because Li readi ly  oxidizes in air , special precautions
were followed during melting and casting. All components except Li
were melted as 40 Kg charges in a plumbago crucible using a high
frequency induction furnace. The melt was fluxed with Cl2 to
remove hydrogen gas and was then covered with a molten KC1-LiC1
salt mixture. Elemental Li was added to the meld as 100 g charges.
The melt was poured. into the pouring trough under a molten KC1—LiC1
salt mixture and was then transferred to the mold under an inert
gas atmosphere. A single charge produced one 6-inch diameter x
30-inch ingot.

Chemical compositions of the melts were determined and
are listed in Table 2.

Fabricating

Two—inch diameter rods were fabricated from the ingots.
The ingots were preheated 12 hours at 850°F plus 12 hours at 960°F
in an argon atmosphere and were air cooled. The billets were
induction reheated to 700°F and direct extruded from a 6-3/8-inch
diameter cyclinder to a two—inch rod (extrusion ratio of 10).

Determination of  Solution Heat Trea tment Prac tices

Solution hea t trea tment temperatures were in the ran ge of
800 to 950°F in steps of 25°F. Specimens of the as-extruded products
were solution heat treated at the various temperatures for one hour,
cold water quenched, and aged 48 hours at 375°F, the aging practice
which developed maximum strength in higher solute Al-Mg-Li alloys.
Single longitudinal and transverse tension and notched-tension
specimens were removed frcm the center of each sample and were
tested,* In addition , specimens were removed from as-extruded
samples and from as-extruded samples which had been artificially aged.
Standard 0.500-inch diameter tension specimens were used for the
longitudinal tests and standard 0.160—inch diameter tension specimens
were used for the transverse tests. All notched—tension specimens
were of the design illustrated in Figure 1.

Determination of Precipitation Heat Treatment Practices

Samples were removed from the extrusions, solution heat
treated one hour at the temperatures given in Table 3, quenched in
cold water , and ar tif i c i a l l y  aged f o r  one to 168 hours at 300 to
400°F in increments of 25°F. Rockwell “B” hardness values as a
function of time and temperature were determined.

Based on the resul ts of  hardness , three aging prac tices
were chosen to evaluate the mechanical properties of the alloys.

~Because Ehe alloy ~3 extrusion had a crack running longitudinallynear the center , test specimens were removed near mid—radius.
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The first practice was designed to produce max imum or near maximum
strength for each alloy. The second practice was chosen to produce
90 percent of maximum strength by overaging. A third practice was
used on alloys which exhibited two distinct peaks in hardness. In
these alloys both strength maxima were explored.

Density

Densities were determined by water displacement technique
on machined 1.0-inch x 1.0—inch x 2.0-inch specimens.

Moduli of Elastici~y

Elastic moduli were determined for samples aged by practice
1 (peak strength) using duplicate longitudinal specimens of the type
shown in Figure 2. Two Micro—Measurement, type CEA-l3—062UW—350,
strain gauges were applied 180° apart at the midlength of the re-
duced section of each sample and were wired in series to provide a
700 ohm 1/2 bridge configuration. The strain gauge signal provided
the input tc the X axis of an X-Y—Y plotter; and a Revere, 10,000-lb
capacity, precision load cell installed in series with the samples
provided the input signal for the Y axis of the X-Y-Y plotter.

RESULTS
— 

$ ~~got Casting

Ingots were cast successfully for all of the alloys except
alloy 3 (3.4 percent Li). Three separate attempts were made to cast
this alloy; however, all three ingots cracked. One of these ingots
was extruded to develop information on the effects of composition on
properties. Dye—checked ingot slices showed no porosity. Etched
ingot slices are shown in Figures 3 and 4. The etched ingot slice
for alloy 4 showed large columnar grains.

Fabricatip,g

The extrusion data are listed in Table 4. The breakout
pressure was insensitive to Li content but increased considerably
with increasing Mg content (Figure 5).

The extrusions were inspected for rear-end defects by
removing one-foot long samples, etching the cross—section , and
visually examining the cross-section for defects. The defects were
confined to the rear one— foot of all the extrusions. Slices were
also removed from locations two feet from the front and one foot
from the rear of the extrusions and etched to reveal the macro grain
structure. Photographs of the etched slices are shown in Figures 6
through 9. The large columnar grains exhibited in the as—cast
structure in alloy 4 (S. No. 427602) carried through the extrusion ,
resulting in a large grain structure in the product.
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Remelt chemical analyses of the extrusions, Table 5,
revealed lithium and magnesium contents of up to 0.3% and 0.2%,
resj~ective1y, lower than the melt analyses.

Determination of Solution Heat Treatment Practices

Solution heat treatment practices for the extrusions were
selected on the basis of results of tensile and notch tensile tests
of samples which had been removed from extrusions of alloys 1 through
9, solution heat treated at 800 to 950°F , and artificially aged 48
hours at 375°F.

Tensile properties are listed in Tables 6 through 10.
Solution heat treatment temperature producing highest tensile prop-
erties generally increased with increasing solute content. For
alloys within the composition range indicated in Figure 10, as—
extruded samples that were artificially aged developed strengths as
high as strengths of samples that were solution heat treated prior
to artificial aging, thereby indicating that these alloys were not
only solutionized during extrusion but that they are also quench—
insensitive (extrusions were still—air cooled).

Notch tensile strengths and notch tensile strength/yield
strength ratios are listed in Tables 11 through 15. Solution heat
treatment temperature did not directly affect toughness; toughness,
however , was strongly affected by yield strength and composition
(Figures 11 and 12). The bottom of the data band for commercial
2XXX and 7XXX extrusions plotted in Figure 11 shows the effect of
yield strength on toughness of commercial alloy extrusions. (Suf-
ficient transverse data for commercial alloy extrusions were not
available to plot in Figu~e 12.) The solid lines in the figures
show the effect of yield strength on toughness of Al-Mg-Li extru-
sions. Two separate strength—toughness relationships are indicated;
one for strengths greater than 45 ksi and one for strengths less
than 45 ksi. Toughness was much more sensitive to variations in
yield strength at strength levels less than 45 ksi than at strength
levels greater than 45 ksi. Variation in toughness at a given yield
strength is attributed to composition effects. Consequently, the
family of lines indicated in the figures represent the strength—
toughness relationship for different alloys. The effect of composi-
tion on toughness will be discussed in a later section.

Optimum solution heat treatment temperatures for the alloys
are listed in Table 3.

Determination of Precipitation Heat Treatment Practices

Rockwell B hardness values of the extrusions after arti—
ficial aging are listed in Tables 16 and 17 and Figures 13 through 23.
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The response to artificial aging depended significantly on
Li and moderately on Mg content:

1. Maximum hardness produced by aging increased con-
siderably with increasing Li content , but increased only slightly
with increasing Mg content (Figure 24).

2. Aging temperature producing maximum hardness decreased
with increasing Mg content (Figures 13 through 21).

3. Alloys 1, 2, 3, and 5 showed what appeared to be a
two—stage aging phenomenon (Figures 13 through 16).

Minor additions of either Cd or Cd+Be slightly affected
the aging kinetics of Al—Mg-Li alloys (Figures 25 through 29). As
indicated in these figures, Cd or Cd+Be additions primarily affected
the initial stage of artificial aging. No significant differences
were detected between the alloys containing Cd or Cd+Be.

Tensile Properties

The heat treatment and aging practices listed in Tables 3
and 18 were used to evaluate the different alloys. The longitudinal
and transverse tensile properties are given in Table 19. Longi—

4 tudinal y ield strength is plotted versus Mg and Li contents in
Figure 30. The yield strength increased considerably with increasing
Li content but increased only slightly with increasing Mg content.
No significant differences in tensile properties were apparent in
samples aged by Practice 3 as compared to those aged by Practice 1.

Specific tensile strength (strength/density) for the high-
est strength Al—Mg-Li alloy was the same as that of 7050—T76
extrusions.

Densities and Elastic Moduli

Densities from samples aged by Practice 1 (peak strength)
are given in Table 20. The effect of composition on density is
illustrated in Figure 31. The density was primarily affected by the
Li content although both Mg and Li additions decreased density.

— Elastic moduli for samples aged according to Practice 1
are listed in Table 21. As indicated in Figure 32, elastic modulus
for these alloys ranged from l0.8-ll.8x106 psi, was independent of
Mg content, but increased with increasing Li content.

The ratio of elastic modulus:density was up to 30% greater
than that of alloy 7050.
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Toughness

Notch tensile strengths and notch tensile strength/yield
strength ratios are listed in Table 22. All of the alloys developed
combinations of toughness and strength below the band for commercial
aluminum alloys and transverse toughness was decidedly lower than
longitudinal toughness.

Longitud inal toughness was affected by yield strength ,
composition , and aging practice. Toughness of the peak—aged high
solute alloys and of the low solute alloys in the peak aged or
overaged condition conformed to the relationship:

NTS/YS = a - b (Y.S.) + P (Composition),

as indicated in Figure 33. Toughness generally decreased with in-
creasing Li content (Figure 34). Overaging was detrimental to the
toughness of alloys containing 3.5% or more Mg (Figure 35). The
magnitude of decrease in toughness with overaging increased with
increasing Mg and Li.

Contrary to the effect on longitudinal toughness, compo-
sition had no apparent direct effect on transverse toughness although
yield strength and aging practice did have an effect. Figure 36
shows the notch tensile strength/yield strength ratios as a function
of yield strength for the extrusions aged to maximum strength and
for the overaged extrusions. Overaging decreased the combination of
strength and toughness of all the alloys. The magnitude of the
toughness decrease increased with increasing Mg and Li content
(Figure 37).

Neither aging to maximum strength by the alternate practice
(Practice 3, Table 18) nor additions of Cd or Cd+Be affected tough-
ness of the extrusions.

Microprobe analyses of fractured longitudinal and trans-
verse notched tensile specimens indicate that Fe, Si, Ti , or minor
alloying elements (Cr, Mn, or Zr) do not contribute significantly to
the low toughness. Light and scanning electron microscopy indicate
that fracture is along high angle boundaries (the extrusions are un—
recrystallized), Figures 38 and 39. The fracture surfaces show a
high density of depressions, 0.5—1.0 pm diameter.

DISCUSSION OF RESULTS

Precipitation in Al—Li Alloys

The strength of an alloy is related to the resistance to
the m otion of a dislocation. Plastic deformation in aluminum and
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most of its alloys occurs by the motion of unit dislocations moving
on close packed planes , {lll }, and in close packed directions,
<110> .

In precipitation hardening alloys, the increase in flow
stress during aging is due to the interaction of dislocations with
the pre—precipitates and precipitates. Coherent and partially
coherent precipitates may be penetrated by dislocations since the
slip systems of the precipitates and the matrix are generally
coincident. The strength and microdeformation characteristics of
a precipitation hardening alloy will thus depend upon the degree of
coherency , size, spacing , uniformity in the distribution of the
precipitates, and the crystallographic structure of the precipitate.
The crystal structure of the metastable precipitate in Al—Li alloys
is different than the structures of the hardening precipitates of
commercial aluminum alloys.

In the Al—Li binary alloy, the metastable phase , which
forms during a9ing after solution heat treatment and quenching , is
ordered A13Li. ~ ~ The structure is the L12-type (Cu3Au ) and is shown
in Figure 40.

There are two unique types of lattice sites in this
structure. The A sites are located on the faces of the cube. Since
each face is shared by one other unit cell , the six A sites con-
tribute a total of three lattice points per unit cell volume. The
B sites are located at the corners of the cube . Each site is shared
by eight adjacent unit cells and thus the total number of B lattice
sites per unit cell volume is one. This arrangement leads to an
A 3B structure. Initially, the four sites are equivalent. However,
once a B site is established , the A sites are automatically defined
since the structure must be consistent with the composition.

A {l00} section through a region of alloy which contains
aluminum matrix and A1 3Li precipitate is shown in Figure 41. The
open circles represent Al and the solid circles represent Li. The
spherical shape of the precipitates has been experimentally yen —
fied (Figure 42). Thompson and Nobel11 have determined the misfit
to be approximately —0 .2%. The small misfit is consistent with the
observation of spherical precipitates.

Using Lifshitz-Wagner formalism , Tainura, Non , and Nakaxnura
have determined the interfacial energy between the metastable Al 3Li
and the Al matrix as 0.18 joules.22 In contrast, the interfacial
energy of A12Cu ( e )  has in’ been determined in an A1-4.0 Cu
alloy as 1.5 j/m2.19 The physical interpretation of the interfacial
energy can readily be rationalized on the basis of homogeneous
nucleation theory. A low interfacial energy means low activation
barrier to homogeneous nucleation. The lower the interfacial energy,
the greater the tendency toward homogeneous nucleation.
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Although the A 3B , Ll 2-type metastable precipitate is not
found in other commercial aluminum base alloys , it is of prime
importance in nickel base alloys. The strengthening phase, y ,  has
an Ni 3X structure, where X = Al , Ti , Si, or Nb. These precipitates
are coherent with the matrix and have a low misfit. As the misfit
increases in these systems above 0.3%

~ , the precipitates changefrom spherical to cubic. Because of the similarity between the
Ni—X s~ stems and the Al—Li systems, much of the technology from these
alloys can perhaps be utilized and transferred to the Al-Li systems.

Precipitation in Al—Mg-Li and Al-Cu-Li All~~~
As pointed out earlier, the metastable precipitate which

forms after quenching an Al-Li binary alloy from above the solvus
temperature is the ordered, Ll 2, A].3Li precipitate. To understand
the deformation process and alloy chemistry effects in other Al
alloys which contain Li , it is important to know the phases which
are precipitating both homogeneously and heterogeneously.

The aging sequence of ternary Al-Mg-Li has been shown by
other workers 23 and substantiated in this program as :

supersaturated solid solution -
~~ 5 (Al3Li) + Al 2MgLi.

The ~~ metastable phase is the precipitate which is responsible for
strengthening . It is essentially unaltered by the presence of Mg.
The beneficial effect of Mg on the mechanical properties of the
alloy system is attributed to a component of solid solution
strengthening. The A12MgLi which transforms from S upon prolonged
aging is incoherent and as such does not contribute significantly
to the strength of the alloy as does the coherent ó .  In addition,
A12MgLi can precipitate heterogeneously on grain boundaries or sub—
grain boundaries during either quenching or aging.

Figure 4 3 is a series of optical micrographs showing the
effect of Mg additions on grain boundary precipitation in an A1—2.0%
Li a1loy.2~ This observation is consistent with the hypothesis that
A12MgLi is precipitating on the boundaries.

Precipitation in the Al—4.5 Cu—l.5 Li alloy (2020) follows
the scheme:

-~G.P.I.+G.P.II~ O~~

supersaturated solid solution—\ .

“--~~ -~ (Al3 Li)
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The copper precipitates independently of Li and follows the seguence
that occurs in an Al—Cu binary system. Coincidentally, Li preci-
pitates as Al3Li (6 ). The Al2Cu—type precipitate can be readily
identified by its crystallographic nature with respect to the
aluminum matrix (Figure 44). In the early stages of aging , streaking
in the selected area diffraction (SAD) patterns are readily identi-
fied with Al2Cu platelets (Figure 44b). The presence of the
phase can be demonstrated by the presence of the superlattice re-
flections in the SAD. A dark—field micrograph of the superlattice
ref lection shows the very uniform high volume fraction of the
phase (~ igure 45).

An Al—4.5 Cu—l.5 Li alloy would be an Al—l.88 Cu-5.73 Li
alloy based on atomic percent. Because of the facts that Li is so
light and the 6 structure has a ratio of 3:1, Al :Li produces a
high volume fraction of Al 3Li. The development of the high strength
in 2020 alloy is attributed to the co—precipitation of the meta—
stable Al 3Li and Ai 2Cu precipitates.

Small additions of Cd have been added to 2020 alloys and
improvement in strength resulted. The observation of increased
strength in 2020 by the addition of Cd is principally related to
the effect  of Cd on the A12Cu precipitation reaction. The Cd reduces
the interfacial free energy between the A12Cu and the aluminum

4 matrix from 1.5 to 0.25 J/m2. The reduction in interfacial energy
reduces the barrier to homogeneous nucleation resulting in a finer
distribution of the metastable Al 2Cu precipitates. Consequently, a
high strength alloy will result when Cd is added to an Al—Cu alloy
in which A12 Cu precipitates form .

Nechanical Properties of Alloys Containing A1~ Li

Based on the preceeding discussion, alloys which contain a
sufficient amount of Li to produce a large volume fraction of Al3L~ican be readily classified together. The similarities in these alloys
can be rationalized on the effect of the metastable Al 3Li precipitate
structure on the mechanical properties of the alloy system.

The motion of a unit dislocation in a superlattice will
not recreate the structure in its wake, so disorder , in the form of
an antiphase boundary , will result (Figure 46). To eliminate the
extra energy necessary to create the antiphase boundary , motion of
an identical pair of unit dislocations is required (Figure 47).
The dislocations are connected by a strip of antiphase boundary.
The separation of the two dislocations is a balance between the
repulsive force of the two dislocations of the same sign with the
force imposed by the structure to maintain its order. When dis-
locations move in such a manner , there will be no net change in
order behind the dislocation pair. These unit dislocations are
referred to as superlattice dislocations.
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Coherent, ordered , metastable precipitates in a matrix
will also af fec t  the generation and motion of dislocations. The
existence of superdislocations in Al—Li binary alloys has been
shown by other investigators20 and has been substantiated in this
program (see Appendix C). The slip morphology in alloys which
contain ordered precipitates depend s upon the precipitate size and
volume fraction. For commercially significant Al—Li structures,
the volume fraction is high and the precipitates are approximately
.07 j~m in diameter. The deformation mechanisms can thus be
rationalized on the basis of deformation In a structure with
ordered precipitates.

The work hardening and fracture characteristics of an
alloy can be correlated ‘with its slip character. There are two
aspects of slip that must be considered. One is based on continuum
plasticity concepts 27 and the other involves the ability of screw
dislocations to cross-slip out of the primary glide plane.2 5

For a randomly oriented polycrystal to exhibit constant
volume deformation, it must deform on at least five independent slip
systems. This condition is easily satisfied in a FCC lattice.

Cross—slip has the important microscopic effect of in-
fluencing the rate of work hardening. In a structure which contains
a high volume fraction of ordered precipitates, the requirement for
motion of paired, identical unit dislocations restricts the ease of
cross-slip. The first dislocation of the pair will cross-slip or.
a particular plane, but the trailing dislocation is forced to cross—
slip onto a parallel, but different, plane. Movement on two dif-
ferent glide plan es would lead to the creation of an unlimited
antiphase boundary , so the unit dislocations become sessile. Other
dislocations from the same source will not be able to move large
distances before being held up at this barrier. For further slip to
take place, sources on neighboring planes will have to become opera-
tive. The successive pinning of the dislocations leads to the high
work hardening rate in alloys containing a high volume fraction of
~~~. Because of the high work hardening rate, the tensile strength
of alloys containing only 6 as the hardening precipites is ap-
preciably higher than the yield strength.

The development of large stress concentrations at high
angle boundaries would result during deformation because of limited
cross-slip. If this stress exceeds the strength of the grain
boundary before additional dislocation sources can operate, the
boundaries begin to separate.

To produce high strength Al—Li alloys, the rationale in —

the past has been to add other elements which would either co-
precipitate or add a component of solid solution strengthening . The
major disadvantage of the approach has been in the stimulation of
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heterogeneous precipitation on grain boundaries and on subgrain
boundaries. By precipitation on these boundaries , the strength of
the boundaries decrea ses , thus leading to limited elongation prior

- - to fracture along high angle boundaries. Furthermore, ana logy to
nickel base alloys suggests that trace amounts of certain impurity
elements segregated at subgrain boundaries would be more harmful
than in conventional aluminum alloys. Fracture mode in nickel
base alloys which harden by an Li2 metastable phase (Ni—N i3A1 , for
example) was in tergranul ar and ductility was unacceptable until
impurity levels were reduced by repeated vacuum melting.

- CONCLUSIONS

1. Al—Mg—Li alloys containing up to 3.0 Li and 4.8 Mg can be cast
and extruded.

2. Extrusion pressure was independent of Li content but progres-
sively increased with increasing Mg.

3. The specific tensile strength (strength/density ) of the high
strength Al-Mg-Li alloy was the same as that of 7050-T76
extrusions, and the ratio of elastic mnodulus :density was up
to 30% greater than that of alloy 7050.

4. Strength and elastic modulus increased with increasing Li,
while density decreased.

5. Mg contributed a component of solid solution strengthening to
the alloys and decreased density.

6. An addition of 0.3 Mn suppresses recrystallization in Al-Mg-Li
extrusions.

7. Be and Cd additions did not noticeably affect mechanical
properties.

8. The high work hardening rate of alloys which contain a high
volume fraction of A13Li ( & )  as the primary strengthening
precipitate is attributed to the ordered precipitate structure
which effectively locks dislocations.

9. The low notch toughness and fracture along subgraini boundaries
of artificially aged Al-Mg-Li extrusions is attributed to:
(a) a build—up of high stress concentrations at the boundaries 

—

by a combination of limited cross-slip and dislocation locking
and (b) reduction in grain boundary strength as a consequence
of heterogeneous precipitation of A12MgLi or segregation of
trace elements on grain boundaries.
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RECOMMENDATIONS FOR FUTURE WORK

The next contract period will emphasize matrix deformation
j and grain boundary and subgrain boundary structure and their relation-

ships to fracture toughness and fracture mode. In light of the model
that premature grain boundary failure can be related to heterogeneous
precipitation, a series of alloys will be fabricated which will con-
tain lithium as the only strengthening solute. Alloys in the com-
position range 3.0—5.0 Li will be emphasized since it is this range
which will provide the acceptable strength levels necessary for a
commercial alloy.

To maintain the desired fine subgrain structure, unre—
crystallized extrusions will be evaluated. Al so , using material
fabricated from powder , high solute (approximately 5% Li), fine
grained structure will be possible.

The nucleation of Al 3Li (
~~

) will be studied utilizing the
complementary techniques of diff erential scanning calorimetry (DSC)
and transmission electron microscopy (TEM). The effect of aging
temperature , heatup rate , and resultant structure on fracture mode
will be carefully investigated. Once an optimum heat treatment
practice is established, the extruded alloys will be solution heat
treated , quenched, and artificially aged to evaluate their tensile
and notch tensile properties.

The postulated effect of impurity segregation will be
determined by scanning Auger spectroscopy . If confirmed , efforts
will be made to produce a high purity Al-Li alloy for evaluation.
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TABLE 3

OPTIMUM SOLUTION HEAT TREATMENT TEMPERATURES
PHASE II EXTRUSIONS

Solution Heat Treatment
Temperature ,

Alloy 
_______________________

1 850

2 900

3 950

4 850

5 950
6 950

7 850
8 850
9 950

10 950
11 950

I- ,

I
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TABLE 18

AGING PRACTICES FOR MATERIAL EVALUATION

Alloy Age No. 1 Age No. 2 Age No. 3

1 18 hr @ 375°F 72 hr @ 400°F ——
2 72 hr @ 3 7 5°F  7 2  hr @ 4 0 0°F  18 hr @ 3 5 0°F

3 48 hr c~ 375°F 72 hr @ 400°F ——
4 48 hr @ 3 5 0°F  — —  — —

5 36 hr @ 3 7 5° F  4 8  hr @ 4 0 0° F  7 2  hr @ 3 2 5°F

6 48 hr @ 375°F 48 hr @ 400°F ——
7 72 hr @ 300°F —— ——
8 48 hr @ 325°F 36 hr @ 400°F ——
9 72 hr @ 350°F 48 hr @ 400°F ——

10 72 hr @ 350°F 36 hr @ 400°F — —
11 72 hr @ 350°F 36 hr @ 400°F ——

NOTES: Age No. 1 selected to produc e maximum or near maximum
hardness.

Age No. 2 selected to produce 90 percent of maximum
hardness by overaging.

Age No. 3 selected to produce high hardness by aging
to initial hardness peak.
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TABLE 20

DENSITIES OF Al-Mg-Li EXTRUSIONS

Density
Alloy S. No. grams/cm~ 1bs/ in .~ Mg 

— 
Li

1 427599 2.5217 0.0911 2.03 2.30

2 427600 2.4876 0.0899 1.99 2.76

3 427601 2.4504 0.0885 1.94 3.14

4 427602 2.5367 0.0916 3.5]. 1.80

5 427603 2.5027 0.0904 3.50 2.28

6 427604 2.4676 0.0891 3.55 2.71

7 427605 2.5474 0.0920 4.89 1.37

8 427606 2.5 136 0.0908 4.89 1.81
9 427607 2.4680 0.0892 4.84 2.33

10 427608 2.5002 0.0903 3.44 2.26+.1 Cd

11 427609 2.5007 0.0903 3.34 2.19+.09 Cd+
.007 Be
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TABLE 21

ELASTIC MODULI OF Al—Mg-Li EXTRUSIONS

Modulus
Alloy S. No. Mg Li X(106) psi Average

1 427599—Li 2.03 2.30 11.63 11 56427599—L2 11.49

2 427600—Li 1.99 2.76 11.70 11 67427600—L2 11.63

3 427601—Li 1.94 3.14 11.76 
- 

11 81427601—L2 11.85

4 427602—Ll 3.51 1.80 11.11 11 16427602—L2 11.20

5 427603—Li 3.50 2.28 11.51 11 48427603—L2 11.44

6 427604—Li 3.55 2.71 11.60 11 63427604—L2 11.66

7 427605—Li 4.89 1.37 10.90 10 88427605—L2 10.85

8 427606—Li 4.89 1.8]. 11.18 11 18427606—L2 11.17

9 427607—Li 4.84 2.33 11.38 11 42426607—L2 11.45

10 427608—Ll 3.44 2.26 11.47 11 47427608—L2 11.47

1]. 427609—Li 3.34 2.19 11.43 fi 43427609—L2 11.43
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APPENDIX A - SELECTION OF ANCILLARY ELEMENT ADDITION

EXPERIMENTAL

Ingpt Casting and Fabrication

To determine the effect of ancillary elements on the
mechanical properties of an Al—Mg-Li alloy, target compositions
listed in Table Al were cast as 6—inch diameter DC ingots and
fabricated into 2—inch diameter rod using the practice described
in the body of this report.

Chemical compositions of the melts were determined and are
listed in Table A2. Although the analyses show little differences
in Zr contents between the LoZr and Hizr ingots, the alloys will
still be referred to as LoZr and HiZr.

Effect of Solution Heat Treatment Tem~~~ature

Solution heat treatment temperatures were in the range of
800 to 950°F in steps of 25°F. Samples of the as-extruded products
were solution heat treated at the various temperatures for one hour,
cold water quenched, and along with an “as-extruded sample” aged
48 hours at 375°F.

Tensile and notch-tensile tests were made as indicated in
the body of this report.

X—ray degree of recrystallization was determined on the
alloys after dii terent solution heat treatment teinperaturer . using
unfiltered copper radiation and transmission pinhole geometry.

Density and Moduli of Elasticity

Densities and moduli of elasticity of the alloys ii, Table
A2 were determined using procedures described in the body of this
report.

RESULTS

Ingot Casting

All of the ingots were cast successfully. The surfaces of
the ingots showed no deep laps, and dye-checked ingot slices showed
no porosity. Etched ingot slices of LoCr, LoMn, and LoZr are shown
in Figures Al—A3, respectively. The dramatic effect of Zr on the
cast grain structure is readily evident.
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Fabrication

Extrusion data for the different alloys are given in Table
A3. Inspection of the ingots revealed that the defects were con-
fined to the rear three feet of all the extrusions. Slices were
also removed from locations two feet from the front and three feet
from the rear and etched to reveal the macro-grain structure. Photo-
graphs of the etched slices are shown in Figures A4 and A5. The

• extremely fine grain structure of the ingots containing Zr was
retained in the extruded structure. Rernelt chemical analyses of
the extrusions are listed in Table A4.

• Effects of Solution Heat Treatment Temperature

Tensile properties for the different alloys and soluticn
heat treatment temperatures are given in Tables A5, A6, and Al,  and
notch tensile strength and notch tensile strength/yield strength
ratios (an indicator of the ability to plastically deform in the
presence of a stress raiser) are listed in Tables A8, A9, and AlO.

The longitudinal yield and tensile strengths decreased as
solution heat treat temperature increased for the Lo and HiCr-
containing alloys, and was constant for the Mn-containing alloys.
A slight increase as solution heat treatment temperature increased

• was observed in the alloys which contained the Zr.

• The type of ancillary element affected notch toughness.
Figure A6 is a plot of the longitudinal notch toughness of the dif-
ferent Al-Mg-Li extrusions. For comparison, the minimum toughness

• of commercial 2XXX and 7XXX extrusions is given. Considering the
importance of the combination of strength and toughness, the alloy
containing Mn as the ancillary element appeared to have the most
promise. Figure A7 is a plot in the transverse direction. Because
sufficient transverse data for commercial alloy extrusions were not
available, a comparison of the 2XXX and 7XXX alloys could not be
given. But one could speculate that in the transverse direction,
the fracture toughness of these alloys is probably lower than in
other commercial. medium-strength alloys.

Densities and Elastic Moduli

The densities are listed in Table All; although alloy LoMn
showed the lowest densities, densities among the alloys varied very
little. The average density of all six alloys was 2.500 grams/cm 3 ,
which is lower than the average density of either 2024 or 7075,
2.803 and 2.781, respectively.

The moduli of elasticity are listed in Table Al2 . The
moduli for the three alloys were similar.
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DISCUSSION OF RESULTS

Reviewing the tensile data given in Tables A5-A7, one can
speculate as to the cause of the reduction in yield and tensile
strengths with increased solution heat treatment temperature in the
alloys which contained Cr. X—ray degree of recrystallization re-
vealed that as temperature increased, there was a corresponding
increase in the degree of recrystallization (Figure A8a). The loss

• in strength can be explained on the basis of a reduction in the
• duplex extrusion texture as a consequence of recrystallization during

solution heat treatment. The difference in the notch toughness of
the HiCr and LoCr alloys can be explained on the basis of the
development of coarse Cr constituent in the alloy containing the
high Cr.

The yield and tensile strengths of the Mn alloys changed
• little with increasing solution heat treatment temperature. No

detectable change in degree of recrystallization between 800 and
900°F was observed (Figure A8b). A comparison between the notch
tensile strength and yield strength data suggests that the LoMn

• alloy provides a better combination of these properties (Tables A6
and A9).

An increase in yield and tensile strengths resulted when
the solution heat treatment temperature increased in the Zr alloys
(Table A7). There was no apparent change in the degree of recrystal-
lization as a function of solution heat treatment temperature
(Figure A8c). The mechanism which is responsible for the increase
in strength with increased solution heat treatment temperature is
unknown at this time.

A comparison of notch tensile strength, yield strength
ratio as a function of yield strength for the different alloys
suggests a slight advantage can be realized by using Mn instead of
Zr and a significant advantage by using Mn instead of Cr.

CONCLUSION

On the basis of the combination of strength and toughness,
an addition of 0.3% Mn should be used in the work to determine the
optimum Li and Mg content.
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TABLE All

DENSITIES OF Al-Mg—Li ALLOYS CONTAINING Cr, Mn, OR Zr

Alloy S. Number gr ams/ cm3 lbJin.3

LoCr 427089 2.4966 0.0902

fliCr 427090 2.5081 0.0906

LoMn 427091 2.4926 0.0900

HiMn 427092 2.4970 0.0902

- LoZr 427093 2.5081. 0.0906

- 
RiZr 427094 2.5002 0.0903

-

V

-i

4

;
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TABLE A12

MODULI OF ELASTICITY OF Al—Mg-Li ALLOYS
CONTAINING Cr, Mn , OR Zr

V 

Modulus of
Dash ElasticityAlloy S. Number Number psixl06

LoCr 427089 1 11.04
V 2 10.83

10.94 Avg

• LoMn 427091 1 10.90
2 11.23

- 
V 

11.07 Avg

HiMn 427092 1 11.13
2 11.13

11.13 Avg
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APPENDIX B - THERMAL ANALYSIS OF Al-Mg-Li ALLOYS

EXPERIMENTAL

Waf ers , weighing approximately 48 mg, were prepared from
as-extruded material for differential scanning calorimetry (DSC).

• Temperature scans were run on each alloy using a DuPont 990 Thermal
Analyzer in a flowing cxygert—free nitrogen atmosphere using the dif—
fcrential scanning calorimeter cell. Temperature scans (10°C/ruin )
were run on each alloy. Based on solvus temperature information
from this data, additional DSC specimens were solution heat treated
for six hours in vacuum at 525°C (997°F) and cold-water quenched.
Thermograms were recorded for each of the alloys , and scanning
electron microscopy (SEM) and transmission electron microscopy (TEM)
were performed at salient points on other specimens quenched from
points on some of the thermograms to identif y the reactions.

RESULTS

DSC curves for the different alloys are shown in Figures
• Bl to B9, and Table El is a compilation of the approximate solvus

and solidus temperatures. Qualitatively , the magnitude of the
exotheruts (precipitation reactions) and endotherins (reclissolution
reactions) increased with increasing Mg and Li.

- 

1 TEM and SEM on particular alloys were done on specimens
quenched from the positions indicated on Figures B7 and B9. TEN
micrographs are given in Figures BlO and Bli. SEN of methanol-
bromine etch specimens are shown in Figure Bl2.

DISCUSSION OF RESULTS

Precipitation reactions in the range of 25°C-200°C appear
to be the result of precipitation of Al 3Li. TEN of Al—3.5 Mg—
2.71 Li alloy after heatup to 200°C with a 10°C/ruin heatup rate
shows the typical , spherical metastable precipitates of Al 3Li
(Figure BlO).

A number of competing reactions appear to be occurring V

between room temperature and 200°C. The complexity of the reactions V

may be attributed to:

1. dissolution of Al3Li that forms during quenching , and

2. discontinuous precipitation reactions observed by
Williams and Edington.30

The exotherrnic peak in the vicinity of 300°C is attributed

u- 
to the precipitation of A12MgLi. Thompson and Noble23 have shown
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that, with prolonged aging of Al-Mg-Li alloys , M2MgLi begins to form.
Observation of TEM foils prepared from DSC samples removed after
they experienced the 300°C exotherin shows “rod-like ’ precipitates
with growth directions parallel to <110> of the matrix (Figure Bli).
These precipitates have the same orientation relationships as found
by Thompson and Noble.

In all of the alloys, a small dissolution reaction was
observed to begin at approximately 450°C. This is most apparent in
Figure 87, high sensitivity scan. This temperature corresponds
closely with the solvus temperature of an Al—0.3% Mn alloy. The
Mn dispersoid phases are visible when examined in the SEM after a
bromine—methanol etch. Figure 812 shows a sample of Al-3.51 Mg-
1.80 Li—0 .28 Mn alloy heated up to 450°C (a) and one heated up to
550°C (b) at 10°C/mm and cold—water quenched. The decrease in the
number of fine particles is consistent with the suggestion that the
endotherin is associated with Mn dissolution.

CONCLUSIONS

1. Precipitation in Al-Mg-Li alloys can he described by the general
reaction :

supersaturated solid solution -s- -s- A12MgLi.

2. The metastable V phase is the ordered , A13LI , spherical
precipitate.

3. The rod—like Al2 MgLi precipitate forms at elevated temperatures
with growth directions parallel to <110> of the matrix ,

FUTURE WORI(

This section represents an initial attempt at studying
the precipitation in Al-Li alloys by the combined techniques of
DSC and TEN . More work will be undertaken during the next contract
periOd.
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V 
TABLE BI

SOLVUS AND SOLIDUS TEMPERATURES FOR

— 
DIFFERENT Al-Mg-Li ALLOYS

Composition Solvus Solidus
Mg Li T , °C T , °C

2.03 2.30 407 592
1.99 2.76 475 583
1.94 3.14 523 572

3.51 1.80 415 572
3.50 2.28 435 565
3.55 2.71 473 558

4.89 1.37 400 558
4.89 1.81 408 550
4.84 2.33 457 540

4
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Figure 812 - An A1-3.5l Mg-l.80 Li-0.28 Mn Alloy Heated Up in a
DSC and Quenched from (a) 450°C and (b) 550°C.
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Fine white particles are Mn dispersoids (methanol-
bromine etch).
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APPENDIX C - DIFFRACTION EFFECTS AND TRANSMISSION
ELECTRON MICROSCOPY

DIFFRACTION IN AN ORDERED LATTICE

The Cu3Au—type superlattice (Li 2 structure) can be derived
from the close—packed , face centered cubic (FCC) lattice (Figure Cl).
The FCC structure permits the use of an orthogonal coordinate
system. There are four crystallographicaily identical positions
at which the origin of the orthogonal coordinates may be defined.

These lattice sites are related by 1/2<110> translational
V symmetry . Coincident with the orig in , we can define a B lattice

site. The B sites are located at the corner positions of the cube.
V Since each corner is surrounded by eight adjacent unit cells, a

total of one B site per unit cell results. There are six face
positions which are each shared by two adjacent unit cells, thus V

contributing three lattice points per unit cell. These sites will
be identified as A sites.

In aluminum each A and B site can be occupied by an
aluminum atom, or , in a random substitutional solid solution, each
site would be occupied by a modified atom whose behavior could be
expressed as a linear combination of atomic fractions.

The structure factor for a general lattice can be written
as:

Fhkl = 
L1 

fne
2
~~ 

hX + ~~~ + lZ

The magnitude of the scattering thus depends on the spatial con-
figuration (x~ s y~

, Zn~ 
of the N atoms in the unit cell and their

respective scattering powers , f~ . A structure factor calculation

for an FCC lattice leads to a zero structure factor for certain
combinations of h, k, and 1, and thus, during a diffraction event ,
these reflections would be systematically absent. It is the trans-
lational symmetry which gives rise to the systematic absences.
Therefore, if the A and B sites are occupied by different aton’s,
these sites are no longer crystallographically equivalent. The

— translational symmetry of the lattice is eliminated . Consequently,
reflections which were previously absent are now present. From a
structure factor calculation, we would expect for a random substitu-
tion on A and B sites two different atoms,
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h, k, 1 - all odd integers , or

V h, k, 1 - all even,

-to be present. However,

h, k, 1 - mixed,

would be systematically absent. As a result of order, all reflec-
tions would be present.

The presence of superlattice reflections have been shown
by a number of investigators working in the Al-Li systems.16

’
2 2

Figures C2 and C3 are two selected area diffraction (SAD) patterns
of two different Al alloys. Figures C2a and C3a are 7075 as—
quenched and are used for comparison. Figures C2b and C3b are SAD
patterns for an Al-Li—Mg alloy aged in the vicinity of peak strength.
Note the presence of the extra reflections which are systematically
absent in the 7075. In Figure C4 is a dark field image of spheri-
cal A13Li precipitates in an Al-Mg-Li alloy.

ELECTRON MICROSCOPY AND SUPERLATTICE DISLOCATIONS

The image of ~ ~ is1ocation~is uniquely dependent upon the
triple scalar product (g.b)~~, where is the operating reflection
responsible for the image, b the Burge?~ vector of the dislocation,
and s the deviation parameter. The deviation parameter is defined

V in Figure CS as the position of the Ew~1d sphere with respect to
the active reciprocal lattice vector , g~~ -1 . The technique requires
a strong two-beam condition. This is aceomplished by bringing in
a bend contour. The center of the contour defines s = o, either
side defines s>~ or s<o. For any experiment, one can assign sign
conventions to g and s. Figure C6 shows the effect of changing the
sign of the scalar product on distance between the dislocation
pairs.2 9  When the triple scalar product changes sign, the d istance
between a pair of super dislocations is constant, but for a dipole,
the separation distance changes. A tilting experiment in a deformed
Al-Mg—Li alloy demonstrates the presence of super dislocations,
Figure C7.
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Figure Cl — Definition of Atomic Positions in the Face-Centered ,
Cubic (FCC) Lattice.

136

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V V V V V -~V
V
~~V_ -VV -~~~~~~~V~~-V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

V - V - V - - V- V--V 
-— ____________



_________________________________________________________ -— -u-w - --~

4

V 
I,

I .

Figure C2 - a. SAD Pattern or_As-quenched 7075, Foil Normal
Parallel to [110].

b. SAD Pattern of Al-Mg-Li Alloy Aged in the Vicinity
of Peak Strength, Foil Normal Parallel to (110].
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Figure C3 - a. SAD Pattern of As-quenched 7075, Foil Normal
Parallel to [001].

b. SAD Pattern of Al-Mg-Li Alloy Aged in the Vicinity
of Peak Strength , Foil Normal Parallel to (001].
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Figure C5 - Diagram I1lu~trating the Position of the Operating
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and the Sign of the Deviation Parameter. The position
of an active reciprocal lattice point with respect to
a KiKuchi Band can be used to define the sign of s.
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