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SUMMARY

Precipitation in Al-Li and Al-Li-Aa Alloys

Excellent consistency exists between DSC and TEM analysis

for the characterization Of precipitation microstructure in the

alloys studied*

The presence of dislocation and grain boundary to be more

important in the nucleation of 6 rather than that of 6'. Forma-

- tion of 6 phase was found to be significantly enhanced by the

presence of the grain boundaries as well as dislocations, Aug-

gesting that 6 nucleates heterogeneously at the grain boundaries j
and the dislocations. It has been proposed that a certain amount

''

of 6' precipitates nucleate at the dislocations during subsequent

ageing, even though most 6' precipitates are formed during

quenching in Al alloys containing sufficient Li content (>2 wt%).

Precipitation sequence of Al-Li alloys containing I wtZ Ag

can be sunmarized as follows:

Supersaturation + AI 3 Li(6') . AlLi (6)

i4.

+ Silver-rich G.P. Zone

Spherical 6' precipitates occurring in binary Al-Li alloy are

responsible for the majority of strengthening in the Al-Li alloys
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containing Ag. The microstructure of Al-Li alloys containing Ag

is similar to that of Al-Li binary alloy in the early stage of

ageing. The effect of the addition of Ag appears to be in the

reduction of the solubility of Li, thus enhancing 6' precipita-

tion, and in the retardation of the growth of 6'. In the later

stage, however, Ag atoms promote the nucleation of plate-shape 6

precipitates, causing the rapid deterioration in strength and

corrosion resistance, compared to the equivalent Al-Li alloys

free from Ag. Analogous to Al-Li system, continued artificial

ageing below the 6' solvus results in the preferential coarsening

of 6' at the grain boundaries and the development of PFZ along

* the grain boundaries.
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FOREWORD
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1. BACKGROUND

1.1 Introduction

Aluminum-lithium alloys, based upon compositions where homo-

geneous decomposition of coherent Al 3Li(6') can occur, offer

attractive possibilities for aerospace applications (1-2). When

lithium is added to aluminum, there is an increase in strength

and elastic modulus, and a decrease in density. The sole techni-

cal drawback to widespread application of aluminum-lithium alloys

appears to be their unacceptably low fracture toughness (2-3).

Consequently, the primary emphasis of recent programs has been to

understand the fundamental microstructural aspects of the defor-

mation and fracture of Al-Li-X alloys (4-5). However, because of

the reactive nature of lithium, alloying aluminum with lithium

may also result in an alloy which, in a moist or salt fog

environment, may be subject to extensive corrosion attack. A

Rrecent paper has discussed the relationship between microstruc-

ture and corrosion susceptibility (6). A number of the key

microstructural features which are deleterious to corrosion

resistance also contribute to the low ductility and fracture

toughness of Al-Li-X alloys. The microstructural features which

* adversely affect both toughness and corrosion resistance will be

discussed.
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1.2 The Decomposition of Al-Li-X Alloys

When Al-Li alloys are quenched from the single-phase field

and subsequently aged into the two-phase field, decomposition of

the supersaturated solid solution occurs by continuous precipita-

tion of 6' throughout the matrix (7-9). Once the nucleation pro-

cess has occurred, the growth rate appears to be governed by the

transport of solute to the precipitates. Consequently, the par-

ticle size distribution function continuously shifts to larger

sizes following a t 1/3 behavior. However, along with the growth

of the 6' precipitates within the grains, preferential coarsening

of precipitates at the grain boundaries and the development and

growth of a precipitate free zone (PFZ) have been observed (9).

The growth of the PFZ has been approximated by a t 1 / 3 behavior

which was interpreted as being the result of preferential coar-

sening of 6' in the grain boundary regions by enhanced diffusion

along the boundaries. Eventually, the 6' precipitates are

thought to transform to 6(AlLi) with prolonged aging below the 6'

solvus (9). Thus, depending upon aging time and temperature, a

variety of microstructures having different distributions of 6'

-j and 6 can be achieved. j

The microstructure of an Al-Mg-Li alloy in the early stages

of aging is similar to an Al-Li alloy (3-4,10). The only effect

appears to be in the reduction of the solubility of lithium.

Thus, for a given level of lithium, increasing the amount of mag-

nesium results in an increase in the volume fraction of 6'. In

the later stages of aging, magnesium enters into the

- .-. - - . -. - - .- - --. . . . - ' . - . " - . . . . . : .
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precipitation reaction and forms Al 2MgLi. However, since some of

the magnesium is retained in solid solution, the modified precip-

itation scheme in the Al-Mg-Li system can be summarized as the

following:

a (supersaturated) + 6' + Al MgLi

Analogous to the Al-Li system, continued artificial aging below

the 6' solvus results in preferential coarsening at grain boun-

daries, the transformation of 6' to Al 2MgLi, and the development

and growth of PFZ's (4).

Precipitation in the Al-Cu-Li system is more complicated

than in either the Al-Li or Al-Mg-Li systems. The precipitation

sequence can be summarized as follows (4,11-12):

GPI + e'" + 0' + e (Al 2 Cu)

a (supersaturated) + T (Al 2CuLi)

9X 6' +6

'S Depending upon composition and temperature, the relative size and

volume fraction and type of precipitate systematically varies.

Thus, the major influence of copper on the precipitation of

lithium in the early stages of aging is similar to that of mag-

.. nesium in that the copper reduces the lithium solubility and in

the later stages postpones the formation of AlLi.

.' '":'***'* *.* ~ .... . . . . --
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1.3 Strength of Al-Li-X Alloys

In an alloy system such as Al-Li which contains shearable

particles, the critical resolved shear stress, T, due to the

interaction of gliding dislocations with the dispersion, can be

represented by an equation of the form (13-15):

T - cf r

where c is an alloy constant that depends on the particular

strengthening mechanism, (i.e., in Al-Li: surface, order, and/or

modulus mechanisms appear to be most important), f is the volume

fraction, and r is the particle radius. The exponents m and p

are always positive and the strength increases with both volume

fraction and particle size.

*Regardless which strengthening mechanism dominates, the

*implication of precipitate shearing is that once deformation has

occurred on a particular glide plane, deformation on that plane

is favored. Thus, the localization of slip becomes an important

characteristic in the Al-Li system. I
In the Al-Mg-Li alloys, magnesium contributes to the

-i

strength in two ways. It adds a component of solid solution

strengthening (8) and decreases the solubility of lithium in

aluminum which results in an increase in the volume fraction of

6'. Since the 6' controls the deformation behavior, the previous

discussion of the strengthening in AI-Li alloys also applies.
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The development of high strength in an Al-Cu-Li alloy is a

consequence of the co-precipitation of an Al 2 Cu-type and 6' pre-

cipitates. The Al2 Cu precipitates are primarily responsible for
S..2

strengthening, while Al3 Li not only adds to the strength, but

affects the deformation process and controls properties such as

elastic modulus.

1.4 Ductility in Al-Li-X Alloys

The primary phenomenon which appears to dominate the ductil-

. ity and fracture characteristics is the tendency toward strain

localization (9,16). In underaged and peak aged Al-Li-X alloys,

the shearable nature of the 6' precipitates tends to localize the

strain in intense bands of deformation which act as stress con-

centrations at grain boundary triple points. Cracks can then

. nucleate at these triple points and propagate intergranularly.

On the other hand, overaging results in a microstructure which

contains PFZ's with coarse grain boundary precipitates. Strain

localization occurs at the PFZ's, and cracks can then nucleate at

grain boundary precipitates and propagate intergranularly within

the PFZ.

The degree of softening that occurs when dislocations shear

the coherent precipitate, the magnitude of the stress concentra-

tions produced at grain boundaries due to the intense slip bands,

and deformation within the precipitate free zone, all depend on

the number of dislocations that can be accommodated on a given

• -slip plane. Consequently, reducing the grain size has been shown

A - ...-.. .. . .-.. ,....... , ,,.. . .. .. ,-.. .. ,,.-. -. -,, .. ,..- .- ,. ..-.- - .-.-.- --- -..... . ...,. .' . . . ..... . .. ., .' -
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to be a very effective method of preventing early crack nuclea-

tion due to strain localization (17). The reduced grain size

limits the slip distance and lowers the stress concentrations

across grain boundaries and at grain boundary triple points. The

fracture mode can likewise change from a low-energy intergranular

to a higher-energy transgranular mode.

Since strainlocalization depends on the presence of soft

regions resulting from either dislocations shearing coherent pre-

cipitates, or PFZ's, it may be minimized by strengthening the

matrix and reducing the width of the PFZ. When magnesium is

added to an aluminum-lithium alloy, it adds a small component to

the strength of the matrix.

Alternatively, elements such as manganese are added to form

non-shearable precipitates that tend to disperse slip (18). In

an alloy containing copper or magnesium and copper, metastable,

transition phases co-precipitate with the 6'. These co- ;

precipitating phases appear to be effective in improving corro-

sion resistance in two ways. First, they increase the strength

of the matrix and secondly, reduce the size of the PFZ, thus pro-

moting transgranular failure.

The extent of the strain localization will thus depend upon

the volume fraction of 6', solid solution effects, volume frac-

4. tion and distribution of shearable and non-shearable precipi-

tates, degree of recrystallization, and grain size.

[ ,' : .. '..' .. "f. . '.-'. '. ',- .'. " .' - .. " "7-- , "",- * ** * * .,- ' . ..' - '..* - " ". --. *.*... -,.
*
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1.5 Corrosion of Al-Li-X Alloys

The primary microstructural feature which appears to dom-

inate the corrosion response of Al-Li-X alloys in a 3.5% NaCl

solution is the volume fraction of the anodic 6(AlLi) phase (6).

The presence of sufficient quantities of 6 to affect the corro-

sion resistance in binary Al-Li alloys has been observed only in

overaged tempers. Thus, the susceptibility to attack can be con-

trolled by:

I. the degree of overaging,

7 2. the number of heterogeneous nucleation sites available

for precipitation, and

3. the amount of lithium available to form the anodic

phase.

Increasing any of these increases corrosion susceptibility.

Al-Li alloys containing elements which reduce grain size and

degree of recrystallization, such as manganese or zirconium,

result in an alloy which is more susceptible to attack at a given

.aging condition than the corresponding binary Al-Li alloy. These

alloying additions increase the number of heterogeneous nuclea-

tion sites available for precipitation (i.e., high angle grain

boundaries, matrix/particle interfaces in the case of Mn contain-

ing alloys, Pnd subgrain boundaries in the case of Zr containing

alloys) thus rendering these alloys susceptible to corrosion.
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Compared with binary Al-Li alloys or those containing Mg or

Zr, Al-Li alloys containing Mg and/or Cu have superior aging

related corrosion characteristics. Mg and Cu alter the aging

sequence and promote the nucleation and growth of Al 2MgLi or

Al2 CuLi rather than AlLi. These phases appear to be less active

than AlLi(6), resulting in better corrosion resistance in over-

aged tempers than binary Al-Li alloys.

Based upon the preceding discussion, it is apparent that the -

morphologies, distributions and tyoes of precipitates in Al-Li-X

alloys can have profound effects on the properties of these

alloys. Although a qualitative understanding of the precipita-

tion sequences is known, a quantitative understanding of the

transformations, kinetics, and the exact roles of individual

phases in determining the properties of Al-Li-X alloys are not

available. The purpose of this research is to be a comprehensi-

ble study of the transformation kinetics in Al-Li-X alloys.

- 1.6 Theories of Ostwald Ripening

The precipitation process may be divided into two stages:

1) nucleation directly from the supersaturated matrix, and 2) -

growth of the precipitate particles. The phenomenon known as

Ostwald ripening characterizes the change in precipitate radius

after nucleation is complete, thus occurring exclusively in the

latter process. During the ripening process, the volume fraction

of precipitate is constant. The solute necessary for continued

growth during Ostwald ripening is supplied by the dissolution

• .- -
,] " 'a " " ' " " -" " " Y " ' " " ,t ... . " ".-" " " " - ,; -• -
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mechanism described by Gibbs-Thomson effect (19).

Based on experimental results, Zener (20) laid the ground-

work for a general ripening theory by defining a solution to the

problem of diffusional growth of a spherical precipitate. Green-

wood (21) tied together a number of different ideas on precipi-

tate growth, but was unable to solve exactly the growth equa-

tions. Greenwood did, however, identify a relationship between

the aging time and the cube of the particle radius, R. The work

was based on experimental observations in the U-Pb system. The

failure to find a theoretical growth equation represented a great

problem.

Using these results, the first major Ostwald ripening theory

came in the work of Lifshitz and Slyozov (22-23), and simultane-

ously in the work of Wagner (24). Their theory unified the ideas

presented in previous theories. The LSW (Lifshitz-Slyozov-

Wagner) theory of Ostwald ripening recognizes that the precipita-

tion process can be divided into two stages as described before.

From this, the theoretical particle size distribution function

(PSD) is found by the solution of three simultaneous equations: a

kinetic equation, a continuity equation and a mass balance equa-

tion.

The kinetic equation governs the diffusion of solute from

one particle to another through the matrix, changing particle

sizes. It has the form

La
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R
with V R -a dimensionless parameter where R is the actual par-RCr

ticle radius, RCr is the critical radius related to the degree of

supersaturation. X is a function of t, the dimensionless criti-

cal radius, with the boundary condition X(0) 1.

The continuity equation describes the changes in size of

particles in a given volume and has the form

+ (fV) - 0 [21

at a p

; 

a

with V the rate of grain travel in the space of grain sizes
P

where

vP [3

and.f(p,t) is the unknown function which must be found. This

equation accounts for particle growth above the critical size and

particle dissolution below the critical .

The mass balance equation accounts for the constant amount

of matter in the system. This equation has the form
+1 x- f fP 3 dp [41

with

4 rO [5]
'X TM 3Q 0

where,

R . [6)

o is associated with the interphase surface tension, and A0 is

the initial supersaturation of the system. Also Q0 is the total

initial supersaturation including the initial volume of matter in

a'I'?
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the grains and A is the degree of supersaturation.U
The simultaneous asymptotic solution of equations (1), (2)

o

and (4) with the condition f(p,0) - f0 (p) gives

n(T) p(Z,1 0 )  when Z Z 0
-(Z'0 p) 0 when Z Z 0

with

n()= 0 *(Z, r)dZ [81

the number of grains per unit volume and

.

S332-5/2 e*(z 1/3+3)- 1 1 3 exp[-(1-2Zt1 3 )-1l, when Z ' Z

P(ZuYo)- 0 ,when Z )Z

the probability that a particle will have a reduced volume

between Z and Z + dZ. *(Z,y O ) is related to the unknown function

f(p,f) by

f 3 t~p3 [101*(Z,t) -f(p3 t)dp310

Z, y and T are also dimensionless parameters like p, where

* 33
Z - a measure of particle size, y - 3- , and T l ln X 3(t),

x 3 (t)dX 3

27a measure of time. The limit Z = -from (7) and (9) is directly

related to the asymptotic limit of particle size, as required for

the solution of this problem.

• U
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The ultimate result of this lengthly solution is the form of

the particle size distribution function (PSD) shown in Figure 1, -.

with this p is directly proportional to Z/3 As shown in the

figure, no values of p greater than 1.5 will occur, and the PSD

is asymmetrical with the maximum frequency value near p - 1.1.

This analysis has a number of other built in assumptions: 1)

the volume fraction of precipitate is zero, 2) the particles are

spherical, and 3) anisotropic effects are negligible. The first :"

assumption assures that the distance between particles is large

enough such that each particle does not affect the diffusion of

solute to another particle.

As mentioned before, a linear relationship between average

particle size versus time results. This relationship was

identified by Greenwood (21) in his work. This relationship has

*the form

j 3  -t 111CO
q-~

with R the average particle size, RcO the initial critical size

for growth and K a rate constant incorporating temperature, sur-

face tension between particle and matrix, and diffusivity.

Lifshitz and Slyozov do not extrapolate their model to short

growth times, since nucleation is most likely occurring during

the early stages of aging.

The. results of Lifshitz and Slyozov for very low volume

fractions of particles and the results of Wagner (24) for inter-

face controlled coarsening constitutes the full LSW theory. The

44

= "% ' b". . - t°% - ,• . . . . . ".-
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LSW theory represented a signif icant breakthrough in the theoret-I
ical understanding of the Ostwald ripening process. However,

little agreement between experimental PSD's and theoretically

calculated PSD's was found to occur; consequently, modifications

, -. to the LSW theory have been attempted.

The first major modification to the LSW theory was presented

by Ardell, based on considerable work in the Ni-Al system (25-
28). The MLSW (Modified Lifshitz-Slyozov-Wagner) theory rede-

fines the diffusion geometry by considering the dissolution of

particles in a region near a growing precipitate. This changes

the expression developed by Zener which was used in the LSW

*; theory for the concentration gradient at the particle-matrix

interface from
iI

dc c ~cr [12]
dR. R r r

to the new expression

dc c cr 0+O)[13]
RIR-r - r

where c is the concentration of solute at a distance R, co the

concentration where R + -, and c the concentration at the inter-

face of particle with radius r. The added term has the parameter

8 which is a function of the all important volume fraction of

. precipitate. This change of diffusion characteristics modifies

the kinetic equation, producing

dp3  1 3 dt [141
(3c S(o- 1)(1 + Op) -p d-t 4

r dr

with r the critical radius, 9 the molar volume of precipitate, D

"4
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the solute diffusion coefficient and a a constant related to the

interfacial energy. Compared to Equation (1), Equation (14) is a

good deal more complicated.

The theoretical PSD has the form
gApp - 3 3p2d) [ 15J]

g'(P4) exp(fp [1P)

dp /dr dp /dT

which produces a PSD as shown in Figure 2, for varying values of

volume fraction of precipitate. The PSD's are broader than

expected from the LSW theory, giving a better fit to the experi-

mental data, especially in the y/y' system. The calculated PSD's

remain asymmetrical for all values of volume fraction, but the

PSD's do approach a normal curve as the volume fraction

approaches one.

The MLSW model also assumes spherical particles as did the

LSW theory, but the geometry of the problem can be modified to

fit the correct shape of the growing particles. In the limit of ,

zero volume fraction the MLSW theory reduces to the LSW theory.

Like the LSW theory, the MLSW theory had some difficulty in

. explaining some growth systems, while describing other systems

,* fairly accurately. This model has had problems where the volume

fraction of the precipitating phase Q is greater than 0.08. "

Nevertheless, the MLSW theory introduces the effect of volume

fraction on the PSD function.

A recently developed theory which involves the use of the

volume fraction parameter in a significant way is a theory
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developed by Brailsford and Wynblatt (29). The Brailsford-,
Wynblatt model also modifies the diffusion geometry of the prob-

lem, but reduces the significance of the volume fraction. This

further alteration of the diffusion geometry produces a distribu-

tion function of the form

2 [-3PPc/(P0 + Pc)(Pc - p)] [161,, g(p) =Ap exp.[6
(1 + p/p0)a(1 - p/p b

where

a - 1 + 3p 2 /(P + PC) 2 [171

and

b = 2 + 3 pc (2po + pc)/(po + pc ) 2 [181

with p0 inversely related to the square of Pc* PC is a parameter

dependent upon the mean particle radius. This theoretical dis-

tribution function produces results very similar to the results

of the MLSW theory found in Figure 2. The PSD's are asymmetrical

at all volume fractions, thus the shape of the PSD function is

much less sensitive to the volume fraction.

The Brailsford-Wynblatt model, as does the previously dis-

cussed theories, allows for different shapes of growing particles

to be compensated within the theory. The Brailsford-Wynblatt

theory also agrees with other theories by identifying the linear

-.- 3
,. dependence of R versus aging time. The theory also reduces to

the results of the LSW theory when Equation (16) is reduced to

Lthe zero volume fraction of precipitate.

Li
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An entirely different approach is presented in the LSEM

(Lifshitz-Slyozov Encounter Modified) theory, as developed by

Davies, Nash and Stevens (30). Unlike the previously discussed

modifications to the original theory, the LSEM theory modifies

not the kinetic equation, but the continuity equatkon. This -'

alternative approach is based on the assumption that encounters

can occur between separate particles. This new continuity equa-

tion has the form

d(fg) + f =3QI [191
dZ 4wr

where g is equivalent to Equation (1) and I is known as the

encounter integral

I = 1/2fZZf(Z - Z')f(Z')dZ' - f(Z)Jo*(Z + Z')f(Z')dZ' [201

Z E3

with Z - a dimensionless parameter of volume. In comparison
R3
c

to Equation (2) the difference is slight, but the encounter

integral allows consideration of particle coalescence, which is

considered briefly in the LSW theory, while not considered at all

in the MLSW or the Brailsford-Wynblatt model.

Using Equation (20), the theoretical PSD result is illus-

trated in Figure 3, with varying values of volume fraction of

precipitate. Two important consequences must be noted. First,

symmetrical PSD's are very much possible at smaller volume frac-

4 tions, which is different than other theories discussed. None of

these other theories predict a symmetrical PSD at volume frac-

tions ranging from .15 to .75. Secondly, values of particle

sizes near two times the mean particle size are very much

.:J

"-A

C. .i '.£!. ~. k .
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possible in this model, while impossible or highly improbable In

the previously discussed models.

The LSEH model, as the other models, reduces to the LSW

model at zero volume fraction. Also, a linear dependence for

diffusion controlled growth of the mean particle size R versus

time is predicted. The consideration of particle encounters

within the theory represents a considerable change in approach

*' than previously developed theories. Continued work is being done

to incorporate the two approaches into a unified theory.

The detailed background presented here has been developed in

order to provide an understanding on what ideas the form of par-

ticle size distribution function is based. Each model has cer-

tain assumptions and ideas which must be presented for the under-

- standing of these models. Without this background, the similari-

ties or differences of models of Ostwald ripening may be unclear.

[ 2. EXPERIMENTAL PROCEDURE

2.1 Kinetics of Precipitation of 6' in an Al-Li Alloy

An aluminum-lithium alloy of composition described In Table

I was cast, hot and cold rolled to a thickness of 2.5mm. The

rolled sheet was then sectioned into lcm x lcm pieces. The sec-

tioned samples were solution heat treated (SHT) for 1/2 hour at

550 C in a noncorrosive salt bath and then cold water quenched

(CWQ).
.
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The samples were isothermally aged for periods of time rang-

ing from 12 hours to 12 weeks at three temperatures:

168 C, 200 C, and 225 C. The heat treating conditions are sum-

marized in Table 2. The samples were prepared for both optical

and transmission electron microscopy (TEN).

To determine the grain structure, as-quenched samples were

prepared for optical metallography. The samples were polished

through 600 grit, 6 Mm diamond paste and 05tim chromium(III)

oxide. The specimens were electropolished in a solution of 948ml

H2 0, 55m1 HBF 4 and 7g H 3BO 3 at 18 volts for one minute. The

grains could then be observed optically using plane polarized

light.

For TEM, the samples were thinned through 600 grit to 0.2mm

and foils were made by jet-polishing with a 25% HNO3 - 75% CH3 OH

(by volume) solution. The central dark field (CDF) imaging was

found to give good contrast between images of the 6' precipitates

and the matrix. In addition, lattice images were formed on

selected samples to determine the nature of the 6' precipitates.

Particle sizes were determined by hand measuring individual

6' precipitates on several negatives for a given aging condition. j
*The negatives were examined through a photographic enlarger.

Numerous fields of view photographed at each aging condition

formed the experimental basis of the PSD. An arbitrary minimum

of approximately 600 precipitate particles was considered signi-

ficant in the analysis of the PSD's. These data appear in Appen-

*:!- ' . . . . .. -. - - ".-- --- -...- " -- -'--. . - . -.. - .- ". "- .k:--- -::-.'-; -:-::-.:: .:,:, *q
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dix A, for 200 0 C and 225 0C.

The hand measurement of PSD's proved to be time consuming so

a semi-automatic Image Analyzing System (IAS) was programmed to

aid in the measurement of particle sizes directly from the nega-

tives. This EyeCom II IAS has an interface controller for the

'.V_ DEC PDP-11 minicomputer in place of the microprocessor. The IAS

can read pictorial, graphical and alphanumerical data. The IAS

. has also been programmed to run directly from the terminal with

t1 the joy stick acting as a pen light. The IAS is represented in a

simple schematic illustrating the integral parts of the system in

Figure 4. The steps necessary to adapt the IAS to complete the

task are presented in Appendix B and the program to calculate the

PSD's is given in Appendix C. The program duplicated the calcu-

lations given in Appendix A.

2.2 Precipitation Mechanisms in Al-Li and Al-Li-Ag Alloys

Four alloys containing lithium and silver were cast at the

Naval Surface Weapons Center (NSWC) and were either hot rolled to

0.5cm thick sheet or extruded to round rod 2.5cm in diameter.

The nominal compositions are listed in Table 3.

Samples of the different alloys approximately 2.5cm x 1cm

.. were SHT for 1/2 hour at 550°C in a salt bath, CWQ and artifi-

cially aged at 175, 200 and 225 C in molten salt.

Hardness curves were generated at each aging temperature for

the four alloys. Rockwell hardness measurements with two scales
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were used to cover the wide range of hardness values found for

the different alloys.

Optical and TEM specimens were prepared using standard tech-•.?

niques.

Single crystals of Al-3.Li were grown using the strain-

anneal technique. The as-received extruded bar was annealed at

550 C in molten salt for 15 minutes, CWQ and cold swaged approxi-

mately 75% and cut to approximately 23cm lengths. The swaged

rods were then annealed at 550 C for 3 minutes, CWQ and strained

1.25% in a tensile machine. The deformed samples were

macroetched to remove the surface layer.

Each rod was then annealed in a furnace designed to produce

a steep thermal gradient (>1000 C/cm). Figure 5 is a schematic of

•~ -the apparatus used to grow the crystals. The specimens were

0lowered vertically into molten salt at 610 C at a rate of

0.45cm/hour.

The as-grown crystals were etched using concentrated

Keller's etch to initially screen the crystals. Those which

appeared from etching to be single crystals were examined using

the Laue method.

The preparation of a polycrystal specimen for thermal

analysis was carried out as follows.

A plate-shaped sample was cut and ground resulting in 34 mg

sample. The weighed sample was SHT, and CWQ as described for

4Q
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hardness samples and immediately mounted in the DSC cell. For

single crystals, a single crystal rod was carefully cut and

* ground on 320, 400 and 600 grit-emery paper and then severely

etched in order not only to remove surface deformation but also

to reduce weight to 34mg.

- The weighed crystal was given the same heat treatment as the

polycrystals.

Thermal analysis was conducted using DuPont 910 Differential

Scanning Calorimeter (DSC) system. The specific experimental

conditions chosen in this experiment were the following:

Temperature range: 20 C - 570 C

Programmed Heating Rate: 5 0C/min

Sample Size: 34 mg

Atmosphere: air

Reference Material: Pure Aluminum

34 mg

.,9
°

S... -
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2.3 Casting and Fabricating Al-Li-Cu-Mg

A series of Al-Li-Cu-Mg alloys were cast and extruded into

rectangular sections. The alloys had compositions in the range N.

(compositions are given in weight percent).

Li: 0.5 - 3.0%

Cu: 0.5 - 4.5%

Mg: 0.0 - 3.5%

The above compositions were chosen such that each alloy could be

-SHT in the single phase field.

The alloys were cast at the Naval Surface Weapons Center

(NSCWS) in a glove box containing circulated and scrubbed helium.

Oxygen, nitrogen, and water levels were each monitored and main-

tained at values less than lppm.

The glove box and support equipment provide about 1.6

3meters (55 cubic feet) of working space in a helium atmosphere.

The "floor" of the glove box is 2.3 meters wide and 0.75 meters

deep (7.5' x 2.5'). The oxygen content of the helium is Z1-5ppm.

The water content of the helium ranges from Zlppm (furnace off)

to :3-10ppm with the furnace on. Variations are the result of

water diffusing from the furnace insulation and the crucible.

Although crucibles are dried before inserting them into the glove

box, some moisture always remains in the crucibles to diffuse out

when they are re-heated in the glove box's furnace. One milli-

gram of water raises the water content of the glove by ZO.Bppm.
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To arrest any increase in moisture content, the helium is

continually dehydrated by drawing it from the glove box and blow-

ing it through a bed of xeolite. The gas then travels over

copper chips to remove oxygen (which diffuses into the box

through the gloves). Next the gas is blown through a bed of

sponge titanium at 930 0 C to remove nitrogen. An external air

* -conditioner cools the gas before it re-enters the glove box.

Helium is cleansed at a rate of about 1.4

3 3
meters /minute (50 feet /minute).

A second air conditioner is installed in the ceiling of the

glove box to protect operators from excessive temperatures during

melting and pouring operation.

The various alloys were melted and poured into a brass moldJ1

"with a hot top to minimize the pipe in the ingot. The alloys

were homogenized for 12 hours at 400 C followed by 12 hours at

* . 425 C in an air circulating furnace. Each alloy was then

machined into a cylinder 7 .33cm diameter by 10.8 cm long. These
,; "..

billets were hot extruded at 412 C into rectangular sections

(3.21cm x 1.00cm).
.-.

, 3. RESULTS

3.1 Kinetics of Precipitation of 6' in an Al-Li Alloy

The structure as determined by optical microscopy, was fully

, recrystallized with a grain size of approximately ASTM 5 (3910

/3n.grains/mm ),as shown in Figure 6. TEM revealed the presence of

U
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the ordered A1 3 Li precipitates (6') and also the larger,

incoherent A1 6 Mn dispersoids. Representative TEM's for different

aging conditions are shown in Figures 7-9. The precipitates are

easy to identify with clear precipitate-matrix interfaces. Dur-

ing artificial aging the 6' precipitates grow retaining their

spherical morphology. For example, Figure 9 contains TEM's of 6'

precipitates aged 8 weeks at 200 °C, the longest aging time inves-

tigated, yet these particles are still spherical.

By taking a number of TEM micrographs at a particular aging

condition and compiling all the measurements, a PSD curve can be

constructed. An example of a PSD curve is shown in Figure 10.

All other PSD's for the various aging times, at 200 0C and 225 0 C

can be found in Appendix A. The number of particles counted per

aging condition are summarized in Tables 4-6. The minimum number

of particles counted at a particular aging condition was 346.

In order to compare the experimental data to a normal dis-

tribution, a program was written to fit a normal curve to the

data. The results and the program are presented in Appendix D.

An example is shown in Figure 11. The figure shows the experi-

mental data with the fitted curve superimposed. The normal curve

appears to provide a reasonable approximation of the data.

The statistical significance of the average particle size

and the shape of the PSD function for a given aging condition

depend on the number of particles comprising the population exam-

ined and the accuracy of the measurement as determined by the
*1
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size of the intervals making up the total range of sizes for a

given aging condition. In an attempt to determine the minimum

number of particles necessary to produce a reasonable estimate of

R, the two aging conditions having the most particles were used,

2 weeks at 200 C and 36 hours at 225 C, Tables 4 and 5 respec-

tively. The values of R determined by varying the number of par-

ticles counted for the two aging conditions are summarized in

Tables 7 and 8. A detailed description of the results is given

in Appendix E. The interval size can also have an influence on

the average size. As the interval size increased, there was a

slight increase in the value of the calculated R, summarized in

Appendices F and G.

In addition to having an effect on R, the number of measure-

ments and the interval of the measurements can affect the shape

of the distribution. A correlation exists between the number of

measurements and the measurement interval size. As the interval

size becomes small, a great number of measurements are needed to

produce the same result. Using a constant number of measure-

ments, use of an interval size which is too small will produce

discontinuous results, while a large interval size will produce

i results which may not be meaningful for analysis. The results of

varying the number of particles counted on the shape of the PSD's

are given in Appendix E, and the effect of interval size are also

.' presented in Appendix F.

A population of 400 particles was tested using the image

: :.": analyzer. The results are presented in Appendix B. The results

Si . . - . . . . . ..-. . . . . - - . . . -. • .. -
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agreed with those determined by using the enlarger and measuring

by hand.

3.2 Precipitation Mechanisms in Al-Li and Al-Li-Ag Alloys-

3.2.1 Differential Scanning Calorimetric Analysis Specific heat

changes (AC) associated with precipitation reactions involving .,)
either an endothermic (heat absorption) or exothermic (heat evo-

lution) process were automatically recorded as a function of tem-

perature (T) by a DSC recorder. For the quantitative measurement

of the energy of a heat evolution or absorption process, the area

enclosed by the specific heat change vs. temperature (C - T)

*. curve and the base line were measured with a plainmeter. The DSC

* was calibrated according to the method outlined in Appendix I.

To examine the effect of structural defects such as disloca-

tions and grain boundaries on the precipitation process,

calorimetric heat measurements were initially made on single cry-

, stals, polycrystals, deformed single crystals and deformed

polycrystals of the Al-3wtLi alloy immediately after quenching.

However, about 15 minutes was required to begin the heating of

* alloys for heat measurement after quenching. The typical results

are shown in Figures 12-14. These results suggest that the shape

of C-T curve is considerably affected by the presence of struc-

tural defects in the sample. The base slope line (indicated by

dotted line) does not show a linear dependence on temperature

probably due to a small contamination in the DSC cell, however,

it was reproducible in every experiment.

* - -. . • .
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Calorimetric heat measurements were also made on the variousp as-quenched alloys. These results are presented in Figures 15

and 16. Neither an endothermic nor an exothermic reaction was

detected for the low lithium alloys, the Al-1.5Li and Al-1.5%Li-

.. lAg, Figure 15. However, two types of endothermic reactions, one

marked 'B' and the other 'D', and two types of exothermic reac-

tions, one marked 'A' and the other 'C' occur red over a wide

range of temperatures in the Al-3% Li and Al-3% Li-1% Ag alloys

as shown in Figure 16. Normally in the heat measurement of age-

Zhardening alloys, an exothermic reaction is associated with pre-

cipitation and an endothermic reaction is associated with redis-

solution.

In Figure 16 the similarity of overall shape of C-T curve

between Al-3%Li and Al-3%Li-lZAg implies that the general precip-

itation behavior of Al-3%Li-lZAg alloys follows that of Al-3%Li

alloys.

3.2.2 Precipitation Characteristics of.Al-Li Alloys Containing

A_. All the alloys investigated were fully recrystallized and a

typical microstructures are presented in Figure 17. To reveal

the aging response of Al-Li alloys containing Ag, isothermal

hardness curves versus aging time at various temperatures were

determined and are given in Figures 18-21. The curves for the

equivalent binary Al-Li alloy are also included so that the

effect of the Ag can be appreciated. In all cases, a logarithmic

time scale has been used in order that hardness changes at short

aging times may be conveniently shown.

: t' ." ." . ..........-.....•...........-.-.....-..,...........,.-.•......,..,...........-. ....... "..
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Hardness curves for Al-3%Li alloys containing Ag follow the

classical pattern. That is, the harness increases to a maximum

and then decreases as overaging begins. The rate of hardening

increases as the temperature of the aging increases. The addi-

tion of Ag to the 1.5% Li alloy caused a greater hardening and a

reduction in the incubation period compared to the hardness curve

of the Al-1.5Li alloy, Figure 21.

In order to characterize the microstructure of Al-Li alloys

containing silver, TEM, in conjunction with optical microscopy,

was utilized.

The presence of ordered precipitates in as-quenched Al-

3%Li-l%Ag was indicated by the presence of superlattice reflec-

tions on SAD's and superdislocations in bright field (BF), Figure

22a. Neither superlattice reflections nor superdislocations were

observed in the as-quenched A1-1.5%Li-IAg alloys, Figure 22b. A

typical central rk field (CDF) image for Al-3ZLi-IZAg and Al-

1.5%Li-lAg aged 96 hours at 175 C and corresponding SAD patterns

4 are shown in Figures 23 and 24. These micrographs demonstrate

that in both alloys spherical 6' precipitates exist and that the

morphology of the 6' phase did not appear to be affected by the

presence of silver. However, it was impossible to identify the

existence of silver-rich G. P. Zones possibly introduced by the

Ag addition from either the micrographs or electron diffraction

. pattern, because of the similarity in the morphology the Ag-rich

G. P. Zones (6-8).

%.
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Ashby-Brown contrast (31) observed in BF (Figure 25) indi-

cates that Ag did not appear to have a significant effect on the

spherical strain contrast of the 6' precipitates occurring in

Al-Li binary alloy. However, a comparison of CDF image of A1-

3Li and Al-3ZLi containing Ag with identical heat treatment

(Figure 26) reveals that the addition of Ag has a slight effect

on the size of the 6' precipitates as plotted in Figure 27.

The microstructure of overaged Al-Li alloys containing Ag is$

characterized by the appearance of plate-shaped equilibrium pre-

cipitates. The microstructure of an overaged sample was first

observed by optical microscopy because the reactivity of the

equilibrium phase makes the preparation of a good thin foil dif-

ficult. A typical microstructure is presented in Figure 28. A

number of plate-shaped equilibrium precipitates lying in a cer-

tain direction were observed in Al-3Li alloy containing Ag aged

322 hours at 200 0 C. This typical -precipitate microstructure of

overaged Ag containing alloy present a contrast to that of ident-

ically heat treated Ag-free alloy which consists of no equili-

brium precipitates, suggesting that the presence of silver

encourages the formation of the equilibrium phase. In fact, the

. presence of the equilibrium phase within the matrix was never

observed for any investigations of an Al-Li alloy free from

silver. The appearance of coarse plate-shaped equilibrium phase

of silver containing alloy might account for the accelerated

softening on hardness curve and extremely corrosive nature of

overaged alloys containing silver. These results also correspond

A-7 .7
.
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with the results of the DSC study which shows that the addition

of Ag noticeably increases the amount of equilibrium phase.

TEN was utilized to identify the equilibrium precipitates.

For the preliminary survey for equilibrium precipitates, 6(AlLi) -

equilibrium precipitates produced in Al-3ZLi alloy aged 2 hours

at 300 0 C and were observed as illustrated in Figure 29. The 6

precipitates consisted of long, coarsely dispersed rod-shaped

precipitates surrounded by a misfit dislocations in agreement -

.with the observations of Noble and Thompson (7)

The length of rods was approximately lm. A large amount of

equilibrium precipitates were produced and readily observed in

Al-I.5%Li alloy containing IAg when slightly deformed

(:Z5% in compression) and aged for one week at 175 0 C. The morphol-

ogy and size of precipitates were approximately the same as that

noted in binary Al-Li alloys, as shown in Figure 30. SAD's taken

from the plate-shaped precipitates were indexed in terms of cubic

structure with lattice parameter 6.37A. This is in close agree-

ment with the value for the 6 phase for Al-Li binary alloy deter-

(11)

mined by Silcock using X-ray technique indicating that the

addition of IAg does not change the equilibrium phase (6) which

occurs in Al-Li binary alloy. Trace analysis on the 6 precipi-

tates gave a {111) habit plane. These results are consistent

with the habit plane proposed by Silcock (11) and confirmed by

(7)

Noble and Thompson (7 for binary Al-Li alloys.

,'-'4 . - .. - . . - ... ... .' ., -"-'- .; . .'-'. - .... , ,' . . - . a -, ,. -, " ,' . . " -' ,: "'" : :
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*Higher number density of 6 precipitates were observed at the

grain boundary, demonstrating that grain boundary are favorable

sites for the formation of 6 precipitates as shown in Figure 24.

The 6 precipitates took a rather irregular form with the average

size of O.3iim. Preferential location of precipitates in one side

of grain might be due to the grain boundary migration associated

with deformation before aging. Grain boundaries observed were

very irregular suggesting that nucleation of 6 at the grain boun-

-dary may cause the rotation of the-grain boundary plane. How-

ever, any sign of discontinuous precipitation at the vicinity of

grain boundary that was reported by Williams and Eddington (32)

* was not observed in any of the foils examined in the present

work. A high density of interface dislocations was observed even

around the grain boundary-nucleated 6 precipitates.

3.3 Casting anI Fabricating Al-Li-Cu-M

These alloys have been cast and fabricated during this con-

tract period and will be examined as part of next years' program.

* 4. DISCUSSIONS

4.1 Ripening Theory

.~ *~:Examination of the TEM foils at the different conditions

revealed that the precipitates remained coherent and spherical

1.u through the aging conditions investigated. These qualities make
this system ideal for examining in detail the phenomenon of

Ostwald ripening and for relating the data to theories in the

A "
-. N741.
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literature.

*While models for ripening may disagree on the form of the

theoretical PSD, there is complete agreement on the functional

* dependence of the mean particle size R versus aging time for dif-

fusion controlled growth. This equation is of the form

-3 3 [1R R Kt (1CO

with Rthe mean particle size,-Rc the initial critical size for

*growth, and K a rate constant. K is defined as

8 a D CeV [22]
K- 9RT

where D is the diffusion coefficient of solute within the matrix,

C e the equilibrium solute concentration at temperature T, a the

interfacial free energy of the precipitate, and V Mthe molar

volume of the precipitate.

Plotting the experimental values for the cube of the radii

versus aging time, as required in Equation [21], produces a plot

as shown in Figure 31. The results of data taken by hand at 200 0

and 225 0 C are presented, along with the results utilizing the lAS

0 0
data taken on the samples aged at 168 C and 200 C. The values for

the constants K and RC are found for each condition in Table 9.]
4%;O

Examining the extrapolated values of RCO no systematic

positive or negative values were observed. The values of RC are

located around R CO , 0, which has been identified by other work-

era In this system (14-15) to be a reasonable value for R CO.

When R eulzeoEqain[211 reduces to the form: >
RCOeqaszrEuto

.A I ~
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I1 - /3' [23]
4 R = k t

I! 1/3
The average particle size versus t for the different experi-

S. mental conditions are plotted in Figures 32-33. A "least-

squares" line is included on the plot. The slopes of the

"least-squares" line, equal to k, are summarized in Table 10

along with the extrapolation to t = 0. The intercept values are

approximately zero suggesting that the assumption:

t 1/3 [241

is reasonable, implying that the precoarsr.,i, *g regime is very

short or does not exist at all.

The critical ordering temperature of Al 3 Li, based upon meas-

ured superdislocation spacings and the associated calculated APB

energy of 195 ergs/cm 2 , has been estimated to be 810K for an Al-

3.3 wt%. Li alloy (33). This temperature is above the accepted 6'

solvus temperature (34). As a consequence of the predicted high

critical ordering temperature one would predict that Al 3Li should

decompose directly from the supersaturated solid solution as an

ordered structure and would not disorder upon heating, but rather

dissolve. When considering quenching and aging in light of the

stability of. the structure, one would expect the clusters to be

initially ordered and they would grow during aging. This idea is

1/3supported by the observation that the R vs t behavior extrapo-

lates to very short aging times. The origin of the clusters,

whether they exist in the solid solution as clusters, nucleate

during the quench, or nucleate at very short aging times is a

61 
,
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subject of a separate investigation.

TEM analysis appears to be satisfactory over the range of

particle sizes examined in this research, where the

matrix/particle interface is well resolved and the precipitate

overlap is small. Further work at shorter aging conditions can-

* not be conveniently accomplished using TEM, but will require

small angle scattering techniques.

For a given composition and temperature, K is a function of

the diffusion coefficient and the interfacial free energy. Con-

sequently, in order to determine one of these variables the other

must be determined by an independent measurement or a reasonable

estimate must be assumed.

In the aluminum-lithium system two opposite approaches deal-

*ing with the separation of K have been taken. Values of experi-

mental K from previous workers can be found in Table 11. Noble

and Thompson (7) extrapolated the high temperature diffusion data

(34) to find values of D, found in Table 12, for their aging tem-

* peratures, then calculated a. The calculated a is one order of

magnitude larger than the value one might expect in a system

which has coherent, spherical precipitates with small strain

(34). The approach of Williams and Eddington (8), on the otherZ

hand, was to assume a value for a and calculate D. Their results

were based on an interfacial free energy value found by Parker

and West published in reference 36. Parker and West used Ni-X

alloys to find the mismatch between an ordered L12 structure in a

d
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fcc matrix. 6' within the a matrix acts similarly to Ni 3 X in a

nickel matrix, so William and Eddington used a value

2.5 x 1O2 J/m for the interfacial free energy of 6' in the a

matrix, a value found by Parker and West. The calculated diffu-

sion coefficients from Williams and Eddington are found in Table

12.

The extrapolation of diffusion data to low temperatures is

not completely valid an alloy which is SHT, CWQ, and isothermally

aged. The rate of diffusion depends not only on the temperature

but the vacancy concentration. The vacancy concentration is

approximately the equilibrium concentration at the solution heat

treatment temperature. Thus one would expect during artificial

aging the diffusion coefficient would be higher than that calcu-

lated by extrapolation. Examination of Equation [22] reveals:
"- [251-

K a Do 2

thus, for a given value of K under estimating D would tend to

overestimate a.

The 6'/a interfacial free energy values of Noble and Thomp-

son and of Williams and Eddington were compared to other similar

systems for agreement, system which also exhibit, for example,

small misfit strain and coherency within the matrix. Table 13,A

(36) contains a summary of interfacial free energy values for a

number of different systems. Precipitates which are coherent

with small strain have low interfacial free energies. Thus,

assuming a value of the interfacial free energy and calculating

,, .- ,- . " - -, " " " " .' -, " ',-.-.,,-.,' '.-' "- - ,-.- -.- ,-- , . -•-" ', -• " ".""-'--' '-","."- -.-. .".-.
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diffusivity is more realistic than the approach of Noble and

Thompson. The value of 2.5 x 10- 2 J/m 2 was utilized in this

investigation to calculate the diffusivity at each of the three

aging temperatures. The calculated diffusivity values may be

found in Table 14.

All the experimental PSD's could be approximated by a normal

curve. By finding the peak width at half height of these normal

, - PSD's and plotting these versus R, as in Figure 34, it was found

" that the peak width at-half height was independent of tempera-

ture, since both 2000 and 225 C results were found to lie on a

common line. This is to be expected, for the shape of the PSD

should only be a function of the extent of aging. Changing aging V

temperature should only affect the rate of growth, not the dis-

tribution of particles.

Comparison of the experimental PSD's to various Ostwald

ripening theories results in some interesting discrepancies. In

all cases examined, the experimentally found PSD can be approxi-

mated by a normal distribution. This result is not predicted by

all the theories.

The main foundation work of modern Ostwald ripening theory

is the LSW (Lifshitz-Slyozov-Wagner) theory as proposed by

Lifshitz and Slyozov (22-23). This theory united many ideas on

ripening into a coherent unified theory. The PSD function solu

t ion generated by this theory is illustrated in Figure 1. This

theoretically derived PSD is not symmetrical. More importantly,

"e 
-. .
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the LSW theory falls to predict the existence of any precipitates

at sizes greater than 3/2 the mean particle size, while the

experimental results clearly show that the larger sizes do indeed

exist.

" A modification of the theory, the MLSW (Modified Lifshitz-

Slyozov-Wagner) was proposed by Ardell(25-27). The MLSW theory

produced a theoretical PSD which incorporated the volume fraction

of precipitates as the controlling parameter, producing theoreti-

cal PSD's of the form shown in Figure 2 (28). In this model, the

*- theoretically determined PSD does approach symmetric behavior at

volume fractions approaching unity. The MLSW model predicts a

slightly assymetric PSD, with a deviation of the maximum fre-

quency value away from the mean particle size R. Although this

is a closer approximation to the experimental results presented

Iin this investigation, the MLSW theory cannot be applied to this
*40

Al-Li alloy. According to the MLSW model values of R greater

than approximately 1.75 R should not exist. Thus the MLSW model

does not completely fit the experimental results

Similarly, the model-proposed by Brailsford and Wynblatt

(29), which also depends upon volume fraction as a controlling

parameter, also predicts an asymmetrical PSD and is thus incon-

sistent with the experimentally found normal PSD's. All three

models, on the other hand, do predict the linear relationship of

aging time and the mean particle size which was found to occur in

* Figure 32. The asymmetry of the theoretical PSD represents a

considerable problem which must be discussed.
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Solute to aid the ripening process in these models comes

from a mechanism as proposed by Gibbs and Thomson (19). The

mechanism releases the excess surface energy by dissolution of

smaller particles, providing the solute necessary for other pre-

cipitates to grow. The smaller precipitates have a larger ratio

of surface area to volume then larger precipitates, so the con-

tinued growth of larger precipitates reduces the overall energy

within the system.

The Gibbs-Thomson Effect is also included in the model which

does predict symmetrical PSD's and values of R nearly two times

the mean particle size. The LSEM (Lifshitz-Slyozov Encounter

Modified) theory, as proposed by Davies, et al. (30), does

predict a symmetrical PSD function. The LSEM model takes into

account the encounters between close precipitates to combine and

form mean particles of volume fraction equal to the sum of the

individual particle volume fractions. Lifshitz and Slyozov ack-

nowledge encounters in their work, while MLSW and Brailsford-

Wynblatt models do not consider these events to be significant.

The LSEM theory describes the change in theoretical PSD with the

inclusion of encounters, broadening the PSD. This broadening of

the curves can be seen in Figure 3, as compared to the theoreti-

cal PSD's of the previously discussed theories. It is especially

.. important that values near two times the mean particle size are

more probable in the LSEM theory, which is not possible in other

theories.

.,14
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Since the idea of encounters is central to the LSEM theory,

it must be considered in more detail. Encounters between precip-

itates may be identified in two different ways. One method is to

examine the overall shape of individual particles. 6' precipi-

tates are spherically shaped, producing an aspect ratio near

1.00, where the aspect ratio is defined as the ratio of the minor

axis and the major axis. If an encounter occurs between two pre-

cipitates, this aspect ratio will deviate significantly from

unity, producing a value of .50 when two identical dimension pre-

cipitates meet. The occurrence of particles with aspect ratios

- between .50 to .80 may indicate the possibility of an encounter.

If an aspect ratio < .80 is used as a criterion of encounter

events the number of encounters is small and perhaps not signifi-

cant, Figures 35 and 36.

The idea of encounters may also be examined in a different

light. Consider two precipitates, as in Figure 37, having an L12

structure like 6', with the aluminum in the face center and the

lithium in the corners, as shown in Figure 38. During aging, the

precipitates will .grow forming spherical precipitates. If aging

'. continues, the precipitates will continue to grow and the two

separate precipitates will meet and form a new, larger precipi-

tate. Unless there is a lattice registry between the two precip-

itates, an antiphase domain boundary (APB) will form, shown in

Figure 39. In the FCC structure there is a 50-50 probability

that an APB will form. The existence of some encounters should,

therefore, be identified by the presence of an APB within a pre-
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cipitate. If the LSEM model indeed fits the ripening of 6' pre-

cipitates, antiphase boundaries will be found in some 6' precipi-

tates.

po

Lattice images of the 6' precipitates as in Figure 40 were

taken. In examining these lattice images, the 6' precipitates

were found to be uniform with no APB's. In fact, no APB's were

found in any of the precipitates examined, suggesting that

encounters between precipitates must be limited to those precipi-

tates which are in crystallographic registry.

4.2 Statistical Analysis

The 600 particle minimum, which was arbitrarily set for the

hand measured PSD, was indeed very generous as fewer particles

were needed for accurate results. The 400 particle minimum esta-

blished by experiment will give an accurate description of the

overall shape of the PSD. It is important to note, however, this

* 400 particle minimum does not need to be kept if the overall

shape of the PSD is unimportant but the mean particle size R is

the desired value.

The use of the IAS, while not sacrificing statistical accu-

racy, proved to be a great time saver, cutting hours off particle

measurement and analysis time. The results from the IAS proved

to be Just as accurate for I as the hand measurements. The close-

ness of the class intervals, however, presented a small problem

with the overall shape of the PSD. Too small class interval

sizes from a constant population size, will produce results which

..............~ ... *.. . ... . .... . . . .
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may not be sufficient for accurate analysis of the data. Inter-

val sizes on the IAS must be carefully watched for clear and

accurate shapes of PSD's.

4.3 Differential Scanning Calorimetric Analysis

To understand the change in shape on the energy-temperature

4. curve associated with the structural defects, it is necessary to

compare the area of each endothermic or exothermic step and

analyze the value on the basis of the knowledge of the process of

precipitation occurring in Al-Li alloys. In each energy-

temperature curve (Figures 12-14), the area of D (dissolution of

p6 phase) is larger than that of C (formation of 6 phase) in

disagreement with Nozato et al. (37) results. This difference in

area implies that the shape of C is governed not only by the for-

mation of 6 but also by the dissolution of 6' because if the

shape of 'C' were solely governed by the formation of 6, in other

words all 6' phase dissolve until the temperature reaches

.'=2 312 C (6' solvus) and above 312 0 C 6 precipitates started to form

without further dissolution of 6' the area of heat evolution

associated with 6', formation should be equal to that of heat

absorption associated with redissolution of 6 phase. It can

therefore be suggested that below the 312 C (6' solvus) dissolu-

tion of 6' is predominant over the formation 6, causing the heat

absorption marked B, however, above 312 C rapid formation of 6

phase makes the heat of evolution dominate the heat of absorption

associated with the dissolution of 6' and therefore causes the

heat absorption marked C on energy-temperature curve. This

'9
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interpretation can be supported by corresponding TEM observation

-P which shows the presence of a significant amount of 6 precipi-

tates in the Al-3ZLi aged 2 hours at

300 C (:12 0 C below the 6' solvus), Figure 29. The presence of 6

precipitates at the matrix (Figure 41a) and along the grain boun-

dary (Figure 41b) has been also observed in the sample heated to

275 0 C in the DSC cell.

These competing reactions make it difficult to interpret the

energy-temperature curves, in the 'B' and 'C' regions curve unam-

biguously. However, the D region will be governed only by the

dissolution of 6' phase, assuming all 6 phase dissolves before

the temperature reaches the D region. This assumption is reason-

able because the temperature range of 'D' is far above the 6'

solvus. Therefore, the energy (area) of heat absorption 'D' may

be proportional to the volume fraction of the 6 precipitates

undergoing dissolution. This relationship can be expressed as

follows:

AHR - vMWp ls f

where

AHp - molar heat of dissolution of precipitate

MWp - molecular weight of precipitate

lp - density of precipitate

ls - density of sample

Vf - volume fraction of precipitate
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The energy of 'D' in Figures 12-14 plotted versus the amount of

deformation is shown in Figure 42. Figure 42 shows that the

polycrystalline material produces more of the 6 phase (60%

increase) than the single crystal. The increase in the amount of

6 phase by the presence of grain boundaries can be explained in

terms of lower surface energy of grain boundary than that of

matrix which may release the strain energy developed by large

lattice misfit of 6 phase more easily. A comparison of the

energy-temperature curves for a single crystal and a polycrystal

in Figure 12 reveals that the corresponding curves for polycry-

stals moves upward _ompared to that for single crystals at a tem-

perature range of 1370C - 3120 C, indicating that the grain boun-

dary increases the rate of the dissolution of 6' since the heat

evolution in this temperature range is associated with the disso-

lution of 6' phase as described earlier.

Figures 13 and 14 demonstrate the importance the dislocation

introduced by deformation on the precipitation process in the

Al-3%Li alloys. Figure 42 also reveals that the amount of 6
I*..."

phase is increased by increasing the amount of deformation,

further demonstrating that dislocations introduced by deformation

also promote the formation of the 6 precipitates. An interesting

feature in Figures 13 and 14 is that heat evolution 'A' increases

while heat absorption 'B' decreases with increasing the deforma-

tion. This shift in the energy-temperature curves associated

with the presence of dislocations can be explained as follows.
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As described earlier, heat evolution 'A' is associated with

the formation of 6' phase, however, small area of 'A' (formation

of 6V) especially compared to 'B' (dissolution 6') implies that -

most 6' phase forms during quenching and just a very small amount

of 6' is nucleated during aging. These results are consistent

vith the electron microscopy which shows the presence of 6' in

the as-quenched Al-3%i alloys.

The small increment of 'A' with deformation implies that

only a small amount of 6' nucleates near at the dislocations

* after quenching. However, the increase in the area of 'A' is

very small compared to that of 'D'. This indicates that disloca-

tions are much more favorable sites for the nucleation of the 6

phase rather than the 6' phase. This is quite probable because

large strain energy generated by the nucleation of 6 with large

lattice misfit with the matrix can be relieved by dislocation. On

the other hand, the strain energy factor is not important for the

nucleation of 6' phase possessing very small lattice misfit with

the matrix. This can be confirmed by Williams' TEM observa-

(8

tion"~ showing that 6' precipitate is not affected by the pres-

ence of grain boundaries or dislocations. Thus the nucleation of

6' can be explained in terms of the segregation of Li atoms along

the dislocation leading to the nucleation of 6', rather than an

accommodation of strain energy generated by nucleation of 6'.

As can be seen in Figures 13 and 14, the area of %B' is

increased with deformation, indicating that dislocations also

*promote the dissolution of the 6' phase. The enlargement of area
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B with deformation implies that 6' precipitates nucleated in the

.: vicinity of dislocations grow rapidly by drawing Li atoms from

the regions adjacent to the dislocations, causing the preferen-

tial dissolution of 6' precipitates around the dislocations. To

illustrate the effect of dislocations on the distribution of 6'

in a dilute alloy (Al-1.5Li) Figure 43 contains a TEM showing 6'

in the vicinity of dislocations.

As a result, it can be proposed that even though the precip-

itation of 6' is not affected by the presence of dislocation dur-

ing quenching, preferential diffusion of Li atoms along disloca-

tion during aging may cause extra nucleation of 6' at dislocation

and that rapid coarsening of 6' phase on dislocation causes the

large amount of 6' dissolution around the dislocation.

The absence of any endothermic or exothermic reaction on the

energy-temperature curves for Al-1.5%Li and Al-1.5%Li-lAg in

Figure 15 can be interpreted as being the results of the incuba-

tion time in these alloys on the basis of the Al-Li phase diagram

(Figure 44), which shows that 1.5%Li lies just inside two phase

regions below the 6 solvus temperature of about 200 0 C. That is,

even though samples containing 1.5wtLi are supersaturated at

room temperature up to =200°C (6 solvus temperature) the small

driving force for precipitation due to low supersaturation is

correspondingly low. This explanation can be verified by the

presence of a long incubation period on the hardness curve (Fig-

ure 21) for Al-1.5ZLi alloy aged at 200°C and 175 C.



-777 7

46

4.4 Preci pitation Characteristics of Al-Li Alloy Containing Ag

An addition of a small amount (1w.)o gddnt appear

to alter the precipitation sequence occurring in Al-Li binary

system. The 6' phase which occurs in binary Al-Li alloys is also

responsible for the strengthening in the Al-Li alloys containing

Ag. However, the presence of Ag had a marked effect on the rate

of precipitation process. Reduction in the size of 6' particles

* together with the delay of peak hardness aging time when compared

with Ag-free alloys can be explained in terms of the reduction of

growth rate of 6' precipitates associated with the addition of

Ag. This result is not surprising since many workers (3 9) have

reported that the trace element reduces the rate of zone forma-

*tion by retarding th e diffusion in many aluminum alloys. Kimura

(39)
*et al., proposed the following explanation. The role* of

trace element is to trap excessive vacancies and thereby reduce

the rate of zone formation. We might be able to adapt their pro-

posal for the explanation of the reduction of the growth rate of

Sanders, et al., ()and Williams, et al., (8) have demon-

-~ strated that elimination of excessive vacancies by step quenching

in Al-Li alloys cannot suppress the formation of 6' precipitate.

I Therefore, even though silver atoms trap the excessive vacancies

* during aging, it may not be able to suppress the 6' precipita-

tion. However, the presence of silver atoms may diminish the

* growth rate of the 6' precipitates by trapping the vacancies dur-

V ing subsequent aging.

42,4
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To explain the apparent hardening generated by the addition

of Ag there exist several feasible proposals. First is the solid

solution hardening analogous to the addition of Mg to Al-Li

alloys (10). This is not probable, however, because Haessner and

Schreiber (40 ) has reported that there is no solid solution har-

dening when Ag is in true solid solution in Al.

Another possible explanation will be a hardening associated

with the Ag-rich G.P. zone possibly introduced by the addition of

Ag since 1 wt.Z Ag is over the solid solubility limit of Ag in

Al.

In spite of the difficulty in identifying the existence of

GP zones by TEM microscopy, its presence can be recognized by

interpreting the slope change of the hardness curve for Al-Li

alloy containing Ag by reference to the results of extensive stu-

(41)dies of Al-Ag alloys. Koster and Braumann 4 , and Beton and

Rollason (4 2 ) have reported that the most Al-Ag alloys aged in the

temperature range of 100 - 200 C have hardness-time curves which

/ exhibit a clear double peak. The first peak early in the aging

process occurs at approximately I hour aging time as illustrated

in Figure 45. Baur and Gerold (43) have proposed that the peak

can be attributed to the reversion of the first strengthening

phase occurring with the transformation from ordered G.P. zone

(r-state) to disordered G.P. zone (c state). More recently,

Gragg, et al. (44), have substantiated that the c-state G.P. zone

is indeed a disordered structure with an octahedral morphology.

U~
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On the basis of these reports, it is believed that a rapid

decrease in the slope of the hardness together with an apparent

drop at lhr. aging time for AI-3ZLi-IZAg and AI-1.5ZLi-IAg,

respectively (Figures 18-21) are indicative of the existence of

silver-rich G.P. zone in the Ag-bearing alloys. However, from

the phase diagram of Al-Ag with the metals stable miscilility gapIII of G.P. zone as shown in Figure 46, it is conceivable that after

the reversion of strengthening expected disordered G.P. zone

(c-state) might be very small or dissolved entirely into solid

solution and thereby making little contribution to the

strengthening of this alloy. Even though the hardness behavior

of Al-IAg, which would verify this explanation, is not avail-

able, the indirect information can be obtained from the data

reported by Hardy (45), showing that the addition of 0.97 wt% Ag

2
to pure Al cause the strengthening from 1.8 tons/in to 2.3

2
ton/in by 0.1% proof - stress after aging 2-3 weeks at room tem-

*perature, while the strength of the sample aged 16 hours at 165 0 C

2
is nearly the same as pure Al (1.9 tons/in ). As a result, it is

unlikely that the G.P. zone make a significant contribution to

the strengthening in Al-.i alloy containing silver after hardness

reversion.

The most obvious benefits of Ag is that the addition of Ag
g'I

reduces the solid solubility of Li in Al, thus enhancing the for

nation of 6' precipitates which is responsible for the U

A strengthening in the Al-Li alloys. This explanation is in good

agreement with the DSC results which showed that Ag addition

................................................
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increase the solvus temperature indicating that Ag addition
shifts the solvus line to left thus reducing the solid solubility

of Li in Al as indicated in Figure 44. Furthermore, the harden-

" ing associated with the addition of Ag in the Al-1.5%Li alloy

lends further support to this explanation because Al-1.5%Li alloy

which lies just inside the metastable gap for 6' precipitation is

much more affected by aging than the binary 1.5%Li alloy.

The reduction of incubation time by adding Ag to the Al-

1.5%Li alloys can also be explained in terms of the reduction of

solid solubility of Li. However, both TEN and DSC results have

shown that there is no nucleation of 6' during quenching in the

_ Al-1.5%Li-lZAg alloys.

S The nucleation of equilibrium 6 phase appears to be enhanced

by the addition of Ag. This observation is consistent with

(46)
Hardy's rule that is, if a specific precipitate is

-. accelerated by the cold work, that precipitate is' expected to be

increased by the addition of trace element. On the basis of

Hardy's rule, it is conceivable that 6 precipitation, which is

accelerated by deformation as demonstrated in DSC and TEN, is

also be accelerated by the addition of Ag atom.

The precise mechanism for Ag atom to facilitate the nuclea-

tion of 6 has not been determined. Presumably, Ag atoms reduce

the precipitate-matrix interface energy and hence reduce the

critical size for the nucleation of 6 at a particular supersa-

turation as in the case of In additions to Al-Cu alloys (3 7 )

ALI
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5. SUMMARY AND CONCLUSIONS

5.1 Kinetics of Precipitation of 6' in an Al-Li Alloy

Summarizing, it was observed for an Al-3Li alloy the growth

of 6' precipitates was found to obey an Ostwald ripening growth

mechanism. The PSD function of 6' at different aging conditions

was found to be symmetrical and centered around the mean particle

WI size R, with the normal curve reproducable at the three aging

temperatures and all aging times investigated. Plotting the mean

particle size F versus (aging time) 1 / 3 produced a linear depen-

dence, confirming the work of previous investigators. As time

approached zero, the mean particle size R approached 0 Angstroms,

suggesting that nucleation occurred spontaneously during the

quench and that growth with no further nucleation occurred once -.

artificial aging begins.

In comparing the experimental results to various theories of

Ostwald ripening, it was found that none of the theories

represent an accurate .,icture of what occurred in the Al-Li sys-

tem. The LSW, MLSW and Brailsford-Wynblatt models were unable to

predict a spherical PSD, but while the LSEM model could predict a

symmetrical PSD, from the lattice images and an analysis of the

precipitate shape of the 6' particles the significance of the

encounter phenomenon in the Al-Li system was small. Since the

symmetric PSD's of the LSEM theory is based upon the importance

of encounters, this might indicate that for the Al-Li system the

similarities in the LSEM model and this data is fortuitous.

*II!.. .~~* .*~- ~ *~
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Statistically, the initial assumption of 600 precipitate

particles was well in excess of the approximately 400 particle

population needed to determine the overall shape of a PSD. The

determination of R could be found with a much smaller popula-

tions, however, if the shape of the PSD is not needed. Varying

class interval size will produce smoother PSD's with little

*static, but the class interval size must be watched carefully.

The use of the image analyzer confirmed these results, allowing

the use of the time-saving IAS for accurate determination of

PSD's with little difficulty.

More theoretical work must be done to explain the results

presented in this report. The development of a unified, con-

sistent Ostwald ripening theory is necessary for accurate deter-

mination and prediction of precipitate growth. With the use of

*accurate statistical samples, comparison with experiment is pos-

sible so that a final, comprehensive ripening theory may be

developed.

• .5.2 Precipitation in Al-Li and Al-Li-Ag Alloys

Excellent consistency exists between DSC and TEM analysis

for the characterization of precipitation microstructure in the

alloys studied.

The presence of dislocation and grain boundary to be more

important in the nucleation of 6 rather than that of 6'. Forma-

tion of 6 phase was found to be significantly enhanced by the

presence of the grain boundaries as well as dislocations,
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suggesting that 6 nucleates heterogeneously at the grain boun-

daries and the dislocations. It has been proposed that a certain

amount of 6' precipitates nucleate at the dislocations during

subsequent aging, even though most 6' precipitates are formed

during quenching in Al alloys containing sufficient Li content

(>2 wt%).

Precipitation sequence of Al-Li alloys containing 1 wt% Ag

can be summarized as follows:

Supersaturation + Al 3 Li(6') + ALi (6)

, : -+ Silver-rich G.P. Zone

Spherical 6' precipitates occurring in binary Al-Li alloy are

responsible for the majority of strengthening in the Al-Li alloys

containing Ag. The microstructure of Al-Li alloys containing Ag

is similar to that of Al-Li binary alloy in the early stage of

aging. The effect of the addition of Ag appears to be in the

reduction of the solubility of Li, thus enhancing 6' precipita-

tion, and in the slight retardation of the growth of 6'. In the

- . later stage, however, Ag atoms promote the nucleation of plate-

shape 6 precipitates, causing the rapid deterioration in strength

and corrosion resistance, compared to the equivalent Al-Li alloys

free from Ag. Analogous to Al-Li system, continued artificial

aging below the 6' solvus results in the preferential coarsening

of 6' at the grain boundaries and the development of PFZ along

the grain boundaries.

, ~~~~......................... ....... ......-...-.. ,- -. ...... :.-...,_:
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TABLE 1.

COMPOSITION OF THE-Al-Li ALLOY
(given in weight percent)

-'Li Mn Fe Si Al

2.78 0.32 0.06 0.04 Balance
6.6

TABLE 2.

AGING CONDITIONS USED FOR THE DETERMINATION OF
PARTICLE SIZE DISTRIBUTION (PSD) FUNCTIONS

TI ME TEMPERATURE
(aging) (seconds) 168 0 C 200 0C 225 0 C

12 hours 4.32 x 10 4 -- *

24 hours 8.64 x 105 4
36 hours 1.30 x 10 5--

48 hours 1.73 x 10~ 5-*
72 hours 2.59 x 10~ 5--

96 hours 3.46 x 10~ 5-*
144 hours 5.18 x 10~ 5--
1 week 6.05 x 10 5 -

8 days 6.91 x 10~ 5 --

10 days 8.64 x 10~ --

274 hours 9.86 x 10~ -*-

2 weeks 1.21 x 10 6  **

3 weeks 1.82 x 10 6* --

4 weeks 2.42 x 10 *-
5 weeks 3.03 x 10 6 * --

6 weeks 3.63 x 10 *-
7 weeks 4.24 x 10 *-
8 weeks 4.84 x 10 *-
9 weeks 5.44 x 10 6 - -

10 weeks 6.05 xz1 6 - -

11 weeks 6.65 x 10 6 --

12 weeks 7.26 x 10 6* --

*Denotes measurements made at these times.
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TABLE 3

NOMINAL COMPOSITIONS OF Al-Li and Al-Li-Ag ALLOYS
(given in weight percent)

Alloy Li Ag Al

I 1.5 0.0 Balance

II 1.5 1.0 Balance

III 3.0 0.0 Balance

L'j IV 3.0 1.0 Balance

TABLE 4

PRECIPITATES EXAMINED UNDER VARYING AGING CONDITIONS AT 225°CI
Aging Conditions Number of Films Total Number of

Examined Precipitates
(Time Aged) Analyzed

12 hours aging 6 726
24 hours aging 7 614

-, 36 hours aging 9 1220
.36 hours aging, II 5 619
48 hours aging 6 777
48 hours aging, II 8 724
72 hours aging 9 698
96 hours aging 7 697
96 hours aging, II 5 668
144 hours aging 8 879
144 hours aging,II 6 656

°4



TABLE 5

PRECIPITATES EXAMINED UNDER VARYING AGING CONDITIONS AT 200 0 C

Aging Conditions Number of Films Total Number of
Examined Precipitates

(Time Aged) Analyzed

48 hours aging 5 665

96 hours aging 5 642
1 week aging 4 408
1 week aging, 11 5 391
274 hours aging 5 600
2 weeks aging 8 1317
4 weeks aging 8 709
6 weeks aging 10 793
8 weeks aging 8 563

TABLE 6

PRECIPITATES EXAMINED UNDER VARYING AGING CONDITIONS AT 1680 C

Aging Conditions Number of Films Total Number of
Examined Precipitates

(Time Aged) Analyzed

1 week aging 3 390
8 days aging 3 392
10 days aging 3 438
2 weeks aging 6 1160
2 weeks aging,II 4 504
3 weeks aging 2 465
4 weeks aging 3 530
5 weeks aging 4 529
6 weeks aging 4 587
7 weeks aging 5 448
8 weeks aging 3 424
9 weeks aging 4 421

410 weeks aging 4 408
*11 weeks aging 4 408

12 weeks aging 3 346



TABLE 7

RVALUES FOR VARYING NUMBER OF PARTICLES AT
225 0C, 36 HOURS AGING

Number of Number of Average Average Distribution
Films Particles Size (mm) Size (A) Width (A)

1 114 15.90 482 126
2 260 5.5462 126
3 400, 15.52 470 129
4 483 5.41 467 128

If5 711 15.81 479 120
6 838 15.66 475 122
7 930 15.65 474 124
8 1006 .15.59 472 124

TOTAL 1220 15.62 473 124

TABLE 8

R VALUES FOR VARYING NUMBER OF PARTICLES AT

200 0 C, 2 WEEKS AGING

Number of Number of Average Average Distribution
Films Particles Size (mm) Size (A) Width (A)

1 110 17.24 517 134
2 288 17.76 532 141
3 444 17.53 526 144
4 638 17.60 528 147
5 877 17.07 512 146
6 1009 17.71 531 145
7 1132 17.46 524 144

TOTAL 1317 17.52 525 146
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TABLE 9

EXPERIMENTAL VALUES DETERMINED FROM FIGURE 17
BASED ON EQUATION 21

T (°C) K R co(A)

168 2.28 53

200 21.52 -115

225 92.33 83

200 IAS 17.64 97

TABLE 10

VALUES DETERMINED FROM FIGURES 18-19
BASED ON EQUATION 23

T (°C) k Intercept (A)

168 1.21 18
200 2.80 -10
225 4.35 13

200 IAS 2.51 14

*

-.4

'.

'.4



TABLE 11

VALUES OF K FROM PREVIOUS WORKERS (7-8)

Noble I Thompson Williams3 & Eddington
T(°C) (cm laec) (cm /sec)

220 6.83 x 10 22

200 1.25 x 10 5.62 x I0 22

170 -24
170 8.91 x 10

TABLE 12

VALUES OF D FROM PREVIOUS WORKERS (7-8)

Noble Thompson Williams2& Eddington
T(OC) (cm /sec) (cm /sec)

220 9.52 x 10 15 ---

200 2.32 x 10- 7.24 x-

170 1.05 x 10 - 1 5
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TABLE 13

VARIOUS INTERFACIAL FREE ENERGY VALUES (32)

Interface Misfit Energy
System Type Z Jm

Ni-Si Coherent 0.3 0.011

Ni-Al Coherent 0.5 0.014
Ni-Ti Coherent 0.9 0.021
Cu-Co Coherent 1.8 0.20

Cu-Co Coherent 1.8 0.23

Cu-Co Coherent 1.8 0.18

Cu-Zn-Sn Coherent 0.4 0.06-0.12

(0/y)

Cu-Zn 0.1 0.13
(/y)

Cu-Zn Incoherent 0.5
(eal 8)"
Cu-Zn Incoherent 0.42

a-Fe-Fe3C Incoherent 0.74
ot-F e- yF e Incoherent 0.56

t-Fe-Cu(fcc) Incoherent 0.50

c-Fe-Cu(fcc) Coherent 3.0 0.125

Ni-ThO 2  Incoherent 1.5

Al-Zn Coherent 0.07
(1 11)A11I(0001)
Cd-Zn Aboth cphin Coherent 0.11

AI-A1 2 Cu Coherent 0.34 -
0.09-0.11

Ag-Pb (both fcc) Coherent 0.09-0.11
0.11-0.19

'. .. -. .......................................... ,-....:..............-...-,.,-..,.......-....................-.-... .. ... ,..........-...:.....:. :



TABLE 14

CALCULATED DIFFUSIVITY VALUES BASED ON
EQUATION 22

T D(cm 2/sec)

168 0 3.44 x 10-16
- .e ~200 0 2.77 x 1- 15

225 0 1.24 x 10 1

200 IAS 2.05 x 1-1
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Figure 1. Theoretical particle size distribution function (PSD)
based on the LSW theory, from (23).
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FIGURE 23. (a) Central Dark Field micrograph showing the spherical 6'
precipitates in the A1-3'5'Li-l%Ag aged 96 hours at 175*C,
X150,000 (b) corresponding Selected Area Diffraction patterns
center spot is a (1101 6' superlattice reflection.
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FIGURE 24. Central Dark Field micrograph showing the spherical 6'
precipitates in the AI-l.5%Li-1%Ag aged 96 hours at
1750C.
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FIGURE 25. Ashby-Brown contrast (34) indicating the spherically
symmetrical strain of 6' precipitates.
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FIGURE 26. A comparison of the size distribution of 6' after aged
96 hours at 175 0C for (a) AI-3%Li-I%Ag, and (b) Al-3%Li.
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FIGURE 29. Electron micrograph showing the plate-like 6 precipitates in
Al-3%Li aged 2 hours at 300'C.
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FIGURE 30. Electron micrograph showing the plate-like 6 precipitates
in the Al-1.5%OvLi-1%Ag after slightly deformed and aged
1 week at 1750C, X60,000.
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FIGURE 42. Heat of reaction for the dissolution of 6 phase against
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FIGURE 43. Electron micrograph showing the 6' precipitates at a
dislocation in the AI-1.5%,'Li after slightly deformed
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Appendix A

PSD Functions

The Particle Size Distribution (PSD) functions were con-

structed from the accummulated measurements at a particular aging -

condition. The particle diameters were measured to the nearest

lam when viewed through a photographic enlarger. To be con-

sistent a magnificaton factor of approximately 2.75X was used for

each film. The data were analyzed using a computer program found

in Appendix E. Actual diameters in Angstrom units were calcu

lated using appropriate magnification factors. For these initial

results, a sample population of approximately 600 particles was

assumed to be statistically significant.
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Appendix B j
Use of the Image Analyzing System (IAS)

The measurement of the size of precipitates using a phot-

graphic enlarger requires a great deal of time. To quicken the

process a computer program was written to acquire and analyze the

measurements obtained from an image analyzer. This program

requires the entry of a specimen number, the magnification factor

of the negatives (the magnification must be entered as a real

number), the size of the standard line in cm, and the calibration

of this standard line. The data consist of two sets of two meas-

urements per particle, to account for the overall shape of the

precipitate. The results are computed and stored in a data file

which must be called to produce the results.

Using an aging condition of 2 weeks at 200 "C as a test, the

semi-automatic image analyzing system (IAS) produced a nearly

identical value of R as compared to that done by hand. The

intervals were much smaller, producing curves which were not as

.%sharp. As a second test, a population consisting of 400 parti-

cles was measured for all aging times at 200 C, with results for

7. R nearly the same as for the hand measured PSD's. The overall

shape of the curves were again not as smooth as expected. This

discontinuity is due to the size of the class intervals for the

measurement. Too small of class intervals will produce a PSD

with no readily identifiable shape. There will not be enough

'4



values at a particlur measurement to generate an identifiable

PSD. This will place doubt upon the form of the PSD, even it

larger numbers of particles are measured.
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Appendix C

U Computer Program for Image Analyzer

The following is the computer program used to measure and

compile data read from the image analyzer. This program contains

* the instructions to make the measurements, store the raw data in

a two dimensional array and analyzes the raw data. The output

contains the final size distribution along with calculated values

of 'R in Angst.:om units and the total number of precipitate parti-

cles.
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Appendix DI
j Effect of Interval Size Upon PSD Measurements

The measured interval size was varied to determine the

effect of measuring interval size on the experimental PSD's. The

two aging conditions which had the most data points were used for

the analysis - 2 weeks At 200 0C and 36 hours at 225 0C. The meas-

urements were taken to the nearest 1mm as described in Appendix

A. The new class interval sizes were formed by the combination

of the results from the initial 1mm wide intervals into larger 2,

3, and 4mm wide intervals. These new intervals in the figures

are identified by the numerically greatest measurement within the

- newly defined class interval. As an example, the value 16 mm. for

the 4 am interval will include the 1 mm measurements of 13, 14,

15, and 16 mm.

The increase in interval size did not dramatically change

the overall shape of the PSD's, but the mean value, R, was con-

sistently increased at both aging conditions examined. This

increase in ftmay be due to the round-up which occured when the

new intervals were constructed from the 1 mm measurements.
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Appendix E

Fitting of Normal Curves to Experimental PSD Functions

The normal curve appeared to be a reasonable approximation

*for the overall shape of the experimental PSD's. Based on this

assumption a computer program was written to determine a normal

curve based on the parameters (mean and standard derivation) cal-

culated from the experimental data. The program requires only

the class intervals and the number of particles at each class

interval as input. Also included in the Appendix are the calcu-

lated normal curves superimposed upon the experimental data for

comparison.
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Appendix F

Number of Measurements Necessary to Determine f

An important parameter for the accuracy of ftis the particle

population size. To determine what effect the total number of

particles had on I, at two differing aging conditions the popula-

tion size was varied. These variations were based on the number

of individual TEM negatives used in the measurements. The mesa-

urements of 1 film, 2 films, etc. were compiled and ftand stan-

dard deviations were calculated for each population size. In

order to check our results, results for 1 and 2 films were found

for other aging conditions.

wilIt was found that even as few as 100 precipitate particles

wilproduce a reasonably accurate determination of i. The vani-

A ation In I for differing population sizes was not great, varying

by only a few Angstrom units. This desired accuracy can thus be

achieved through the quick measurement of only a small number of

p articles for a desired system.
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Appendix G

Interval Size for the IAS

To determine an effective interval size for the IAS, the

class intervals were combined in a manner similar to Appendix D.

Class interval sizes of 1, 2, 3 and 4 units were used as before,

with I unit representing 1/100 of the length of the standard line

utilized for the measurement program of Appendix C. This unit

corresponds to a certain length (in Angstrom units) defiaed by

the magnification of the TEM negative, the further magnification

of the negative by the video terminal and the entered reference

line.

While in all cases a symmetrical PSD was found, the use of

the 2 unit interval produced the smoothe.c resuIes, the results

most similar in shape to the hand measurements. The results

became smoother as they approached the overall form of a normal

curve, with little static in the individual class intervals.

This static suggests the interval size is too small for accurate

analysis. ',



-X4I I- Wo3 IX% -

co0

(~) CD

iII,..

CW) (U

4J 41

M _ 00CD

Ci C%\J

cv4-) .)

&-. X 41

CCJ

W3 __ _ _ _ __ _ _ _ _ I cz 0

JA 0

ULJ _ __ ___ _9

r~C _ __ __ __ _

____________________________________ C)

IA
m94

000

0
clJ

9i)uanba.



9L

S- -4

r- u j 
0

L. CD

C ) o3- MC 

0 O

on C.DJ 
C

p)CD4
I--C S

Ln $4o 

N .

Win

c')a

ien

C4
iti

Ln CD
e**J 

Al

Ln0

CD CD CD CD

ko Ln m U
A3N~nb3o



oc
S-

0.. 0) 4

E 4)0C

0 S*- 0)

S- S1% 0D

ko ~ C%.U)C
0.) 0to

0L 440
L AJ I- ..

C LLJ 1
LL3 u)

= CD

0 00

II C

.44 
4

C)

0% 0>0 C o C . C ) C 4 ) C
94, 4 ) ON co r. ko Ln qr cr V)



44
1&0

4-

C3 4J 4
Ln S. a

4) goI
CL U) u

L..

S.. (U 0>

aC 4J4a

0-0 M
3 -P%

In a _j t
0 Sj

U LLI 'A

-1 C)
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ OL

in J

SMM

CY 00

-4

U Ln 

;%

8 C C CD C
CM o oV-4 0o

ADMON0

V %d



* ... * S SS S - - 1- . 15 _7 7

Appendix H

Getting on and Using the IAS

The IAS is a system which may be used in either Fortran IV,

Basic-il or Macro-il. Each system has its own compiling program

and procedure. Refer to the Introduction to RT-ll, Volume 1A for

information.

To get on the system, the system must be booted, using

floppy disks. The instructions for booting (entering the system)

and leaving the system are summarized in Figure Hi.

Volume 1A has most of the basic information necessary for

simple use of the system. Some simple commands on the IAS are:

- DIR - prints on the terminal the files located on the

booted floppy disk.

0 PRINT (filename) - prints on the line printer the con-

tents of a file.

0 RENAME (filename) - renames a file name from an old

name to a new selected name.

Other commands, including the command sequence for copying from

one floppy disk to another will be found in instruction manuals

located near the system.

L*11 o 2- ..... . . o-o* .... ....



To boot the system, the steps are:

1. Turn on the line printer.

2. Turn on the terminal

3. Turn on the disk drive power switch located at the far
right. When on this switch should be in the up position.

4. Make sure that the write protect switches for disk 0 located
at the top is in down position.

5. Make sure that the row of switches at the bottom of the disk
drive are in the up position (this includes the power
switch).

6. Open the disk cover for slot 0.

7. Ins-ert the disk in such a way that the label "IBM Diskett"
is pointing towards the bottom right.

*18. Close the cover.

9. Push the boot switch (located third from left) down and up.

10. The line printer will respond with messages and the system

is now booted.

Follow these steps given below to shut off the system:

1. Frees the "Enab" switch (located at the first left) on the
disk drive down.

2. The line printer will respond with a message.

3. Remove the disk from slot 0.

4. Close the disk cover.

5. Push the "Enab" switch to the up position.

6. Shut off the line printer.

7. Shut off the terminal.

8. Shut off the power for the disk drive.

FIGURE 11. Instructions for operating the image analyzer system.



APPENDIX I

Calibration of DSC

In the DuPont 910 Differential Scanning Calorimeter (DSC)
system, each peak area can be converted into heat of reaction by

% substitution into the following equation.

AH = A (60 BE Aqs)

where

2
A - peak area in cm
m - sample mass in g
B - time base setting in min/cm
E = cell calibration coefficient at the temperature of

the experiment in cmW/mV
Aqs Y-axis range setting in mV/cm
AH = heat of fusion in J/kg

For the calibration coefficient (E) varied with temperature, its
value should be determined as a function of temperature. The
calibration coefficient can be determined at any given tempera-
ture using a material of which the capacity is known over the
temperature range of interest. A sapphire (Al2 03 ) disc was used

- for this purpose. The calibration run was carried out with the
following procedure.

1. The starting tempersture and the limit temperature were set
to 125 C and 525 C, repectively in the temperature con-
troller.

2. 20 C/Din was chosen for heating rate.

3. A "blank" run with empty sample and reference pans was made
recording the Y-axis displacement as a function of tempera-
ture.

4. The procedure was repeated under identical conditions with a
sapphire disc of 65.8 ug in the sample pan.

The results of this run are presented in Figure I. E was cali-
brated by measuring the difference in Y-axis deflection between
sample and blank curves at any desired temperature, substituting
the difference into the following equation.

E- Cp Hr a
60 Aqs AY
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a2

where

Cp - heat capacity of sapphire in J/g°C
Hr - heating rate (20 C/mn)
AY - difference in Y-axis deflection between sample

and blank at temperature of interest in cm.
a - sample mass (65.8 ag)
Aqs - Y-axis range setting (20 mV/cm)
E - calibration coefficient at the temperature of

interest in mW/mV

E versus temperature is plotted in Figure 12.

i] "I
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