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Chapter 1
General Introduction

1.1 Introduction

“Developing new materials for specific, or as yet unknown, purposes is the lifeblood of
industry” — The Times. The history of materials development is as old as the history of
civilization. From the ancient Egypt, the Stone, Bronze and Iron ages to our own time, the
development of new materials has drastically innovated in the latest engineering and
technology of those days. In the industrial revolution in the later 18th century, for example,
mass production of steel stimulated huge diversity in all fields of industrial engineering. In
the period of world wars, the evolutioh of high-strength aluminum alloys played an important
role in the competitive development of military fighter aircrafts. Since the oil crisis in
1973, furthermore, lower-density materials have been extensively required with the intention
of direct replacement of conventional materials resulting in both the improved performance
and fuel savings of airplane, motor and space vehicles. An aluminum-lithium alloy is a

most promising and high-powered candidate in pursuit of such purposes.

1.1.1 Al-Li alloy as a new light material

Lithium is the lightest metallic element found in nature with density of 0.534g/cm’ at
300K, which is about one-fifths of that of aluminum(i.e. 2.7g/cm’), and each 1mass%
addition to aluminum reduces alloy density by about 3% and also increases modulus by
about 5%[1]. The addition of lithium also allows the precipitation hardening of aluminum
during phase decomposition occurring in the binary alloys. Figure 1.1[2] shows the
equilibrium and metastable phase diagram of the Al-Li system, which is typically of
age-hardening type because of a marked decreasing solubility of Li in the @ single-phase
with decreasing temperature. The transient metastable 0 ’(AlI3Li) phase is well recognized
to be responsible for the age-hardening of Al-Li alloys. The 0 ° phase is normally formed
homogeneously with a spherical shape having a L12-type ordered structure prior to the
equilibrium B32-type 0 (AlLi) phase. The atomic arrangements of unit cells of the two
phases are illustrated in Fig.1.2. In general, plastic deformation of the Al-Li alloys
strengthened by the 0’ phase is believed to take place in the following manners. In the
under-aged condition, 0’ particles are cut by moving pair dislocations; i.e. superlattice
dislocation mechanism, whereas in the over-aged condition, dislocations move away leaving

Orowan loops at the 0 ’ particles; i.e. by-pass mechanism. Under the peak aging condition;
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Fig.1.2 Unit cells of crystal structures of two precipitates in Al-Li
alloys; (a) metastable 6 ' (Al3Li) phase having a L1 2-structure
and (b) stable 6 (AlLi) phase having a B32-structure. The-open
and solid circles represent Al and Li atoms, respectively.



i.e. T6 temper condition, it is reported that the proof stress to levels of ~350MPa is
achieved in an Al-Li binary alloy|3]. In the selection of new light materials for the 21st
century, therefore, it is reasonable that Al-Li alloys have been received considerable attention

due to their excellent combination of high specific strength and low density.

From a viewpoint of commercial applications, however, the 0’ phase is not worth
while to be a predominant strengthening phase because mechanical properties of the Al-Li
alloys strengthened by the 0’ phase are too poor to be utilized as a material for structural
components. As described above, under-aged conditions, which are normally applied to
commercial Al-Li alloys as an optimum heat treatment condition[4], inevitably cause
dislocations to move in pairs on a particular slip plane by cutting 0 particles. This
deformation mechanism results in a low ductility and low fracture toughness of Al-Li
alloys so that the stress concentration at grain boundaries induced by the dislocation pileup
eventually leads to grain boundary failure. The addition of alloying elements is an effective

method to improve such poor mechanical properties of Al-Li alloys.

Aside from the industrial importance, the phase decomposition of Al-Li alloys also has
drawn much attention among scientists because a somewhat interesting behavior is observed
in the supersaturated solid solutions. In general, phase decompositions occurring in quenched
alloys can be divided into two categories; i.e. clustering and ordering processes. When
Al-Li alloys are quenched from « into @+ 0’ two-phase region in Fig.1.1, however, a
simultaneous reaction of both processes takes place. Khachaturyan et al. [5] made a theoretical
investigation on the precipitation paths of quenched AI-Li alloys using a mean-field
thermodynamic model. Their theoretical analysis predicts that disordered solid solution
congruently orders followed by decomposition into two ordered regions with different Li
concentrations. The final microstructure consisting of both ordered 0 particles and the
disordered matrix, thus, is developed so that the Li-lean region eventually disorders due to
the instability of free energies with respect to the composition and/or the degree of order.
This theoretical prediction is extensively accepted now because some experimental
results[6-8] and computational analysis[9] strongly support the fact that congruent ordering
precedes decomposition in the Al-Li system. However, little is known about the detailed

effects of third additional elements on the decomposition behavior of Al-Li alloys.

1.1.2 Development of Al-Li-Cu base alloys

Although the Scleron alloy was developed in the early 1920s, most of commercial



Al-Lialloys were registered in the middle 1980s and early 1990s, when airframe manufactures
stimulated the development of new light materials, as shown in Table 1.1. As a major
additional element to Al-Li alloys, Cu has been utilized to produce new strengthening
phases such as GP zone, 6 ’(Al2Cu) and T1(Al2LiCu) in place of the 0 phase. Equilibrium
and proposed metastable phase diagrams at 473K of the Al-Li-Cu system are illustrated in
Figs.1.3 and 1.4[10, 11]. Zr is also added to retard recrystallization resulting in a decreased
grain size of the alloys, which is caused by the dispersoid formation of fine 3 ’(Al3Zr)
particles. In a fabrication process, however, such the developed Al-Li alloys; e.g. the
2090(Al-Li-Cu-Zr), 2091, 8090 and 8091(Al-Li-Cu-Mg-Zr) alloys, must be inevitably
subjected to the stretch temper by 3-7% prior to artificial aging treatments to promote the
homogeneous precipitation of the above strengthening phases (i.e. T8 temper condition).
Since such pre-worked temper is quite unpractical especially for the fabrication of large
component parts, however, further attempts have been conducted to obtain the same
mechanical properties without stretching as those of the T8 temper alloys on the basis of a
small addition of various alloying elements. The latest registered 2094, 2095, 2096 and
2195 alloys, which contain small amounts of Mg and Ag, successfully achieve the excellent
mechanical strength without stretching of the highest tensile strength over 700MPa[12-14]
among all ingot metallurgy(I/M) aluminum alloys. The high strength by the simultaneous
addition of Mg and Ag entirely attributes to the transgranular precipitation of the T1(Al2LiCu)
phase[14-16], which is normally formed at subgrain boundaries in the formerly registered

Al-Li-Cu alloys without stretching.

The thin plate-like T1 phase, which is observed to lie on four {111} planes in the Al
matrix, is classified to be of heXagonal structure with a stacking sequence of ABABAB... .
This implies that the T1 phase formation inevitably introduces a high number density of
stacking faults in the fcc Al; i.e. ABCABABC..., nevertheless, whose stacking fault energy
is so high (e.g. ~0.15J/m*[17]) that hexagonal closed-packed (hcp) phases can not directly
nucleate. Therefore, it becomes necessary to consider the presence of some heterogeneous
nucleation sites for the T1 phase, for example, by taking into account the roles of small
additional elements and quenched-in excess vacancies. Although some mechanisms have
been proposed so far[18-23], the accelerated T1 phase precipitation by the combined Mg
and Ag addition is still under debate because of the discrepancy between them. One
interesting point is why these elements can stimulate the T1 phase nucleation, nevertheless,
whose composition does not contain them at all. From both technological and

phenomenological points of view, therefore, it is quite important to elucidate the mechanism
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of the transgranular T1 phase precipitation occurring in Al-Li-Cu alloys containing small

amounts of Mg and Ag.

1.1.3 Effects of microalloying elements

Small additions of some alloying elements are of prime importance to improve mechanical
properties of alloys. Such so-called “microalloying” additions have been widely applied to
various alloy systems. For example, microalloying elements such as Nb, V and Ti in low
carbon steels; i.e. high strength low alloy (HSLA) steels, are utilized to produce fine
carbide and/or nitride precipitates during thermomechanical processing, resulting in the
tensile strength to levels over 1200MPa[24]. In Al-Cu alloys, furthermore, it is well known
that trace elements of Sn, In and Cd increase both the rate and extent of age-hardening at
elevated aging temperatures due to the finer and more uniform dispersion of the 6 ’(Al2Cu)
phase[25-27]. Therefore, the enhanced T1 phase precipitation by the combined Mg and Ag
addition to Al-Li-Cu alloys may be also an example of the success of improved properties

of alloys by microalloying additions.

As for the effects of microalloying elements on the 0’ phase formation, only few
attempts have been made compared with those for Al-Cu alloys. In general, the small
difference of lattice parameters between the O’ phase (a=0.401-0.4038nm) and Al
(a=0.40496nm) is well recognized to be responsible for the low mechanical strength of
Al-Li alloys because of a small coherent strain around 0 ’ particles. As is the structurally
analogous case of 7’/ 7 in Ni-base superalloys, therefore, microalloying additions may
improve the mechanical properties of Al-Li alloys. Baumann et al.[28] reported that small
additions of Ag and Zn increase both the 6’/ ¢ lattice misfit and &’ solvus temperature
because of the preferential partitioning of these elements within the 0’ phase. Sato et
al.[29] also investigated the 0’ phase stability in Al-Li alloys containing Ag, Au and Mg
and concluded that the preferential partitioning of these additional elements inside the 6’
phase markedly affects to increase the solvus temperature and coarsening rate of the
particles. However, these investigations mainly address the microstructure changes induced

by microalloying additions rather than the improved mechanical properties of Al-Li alloys.

Even for the phase decomposition kinetics, such a microalloying addition affects to a
great extent. For example, Sn, In and Cd additions to Al-Cu alloys markedly reduce or
inhibit the low-temperature aging by suppressing the GP zone formation, unlike the case of

high-temperature aging described above. This pronounced retardation has been explained



in terms of the so-calied vacancy trapping effect proposed by Kimura et a/.[30], in which
these additional atoms preferentially trap quenched-in excess vacancies available for Cu
diffusion. This proposed effect is on the basis of experimentally obtained binding energies
between a solute atom and a vacancy in the corresponding dilute Al alloys[31-37] (Table
1.2). Although higher values of Sn-, In- and Cd-Vacancy pairs in Table 1.2 certainly
suggest the probability of the above mechanism, these values are always pointed out to be
doubtful because quenching experiments based on the residual electrical resistivity can not
follow clustering of solute atoms during quenching operation[38-40]. In fact, reinvestigated
binding energies with special attention to the prevention of the solute atom clustering[41]
are extremely smaller than previously reported ones as shown with brackets ( ) in Table
1.2. Therefore, a theoretical approach based on characteristic quantities of each element

becomes extremely effective in predicting the role of an arbitrary microalloying element.

1.1.4 Prediction of role of microalloying elements using computer simulation

Because of the recent rapid progress in computer hardware, a new field in materials
science “Computational Materials Science” has been advanced based on the possibility of
performing computer simulations of large systems. At present, such the computer simulation
technology is widely applied to inquiries into various physical phenomena occurring in
solid materials. In general, a direct detection of phase transformations occurring in alloys;
e.g. diffusion of solute atoms, nucleation and growth of precipitates and preferential
partitioning of additional elements, is significantly difficult using any available experimental
methods. A computer simulation using a Monte Carlo method[42] is an alternative powerful
tool to elucidate the mechanisms because the method can reproduce atomistic events
spatially and temporally for arbitrary alloy systems. Soisson et al.[43] performed a Monte
Carlo simulation of Cu atom clustering in «-Fe to follow the microstructural evolution of
the morphology, composition and size distribution of Cu atom clusters. Ikeda et al.[44, 45]
qualitatively ascribed electrical resistivity changes of an Al-4.5mol%Zn alloy to size
distributions of Zn atom clusters obtained from a Monte Carlo simulation. Furthermore,
Saito et al.[46] applied the simulation to ordering of the 7’ phase in commercial Ni-base

superalloys in order to predict preferential substitution sites of some alloying elements.

The simultaneous reaction of clustering and ordering processes in the Al-Li system can
be also investigated. Okuda et al.[9] reproduced the phase decomposition of an Al-Li
binary alloy on a Monte Carlo simulation using an extended pair interaction model[47, 48],

in which pair interactions between second nearest neighbors are also taken into account in



Table 1.2 Reported values of binding energy, E * ., , between a solute
atom, s , and a vacancy, v , in the dilute Al alloy,

Solutes E*? _, /eV References Solutes E? ., /eV References
Li 0.26 [26] Sn 0.22 [27]
Cu 0.05 [27] Cd 0.18 27
Mg 0.19 [271 In 0.25 [27]
Zn 0.10 [28] Fe 0.24 [29]
Ag 0.08 [29] Mn 0.15 [31]
Si 0.23 27 Zr 0.24 [32]
Ge 022 [30]

Cu (0.03 0.02) [36] Ag (0.01 +0.01) [36]
Mg (0.04£0.03) [36] Si (0.07 £0.01) [36]

Zn (0.02 +0.03) [36]

10



addition to those between nearest neighbors. Under this pair interaction model, most stable
atomic conﬁgurations become a mixture of ordered structures in the disordered matrix if
nearest and second nearest neighbor interactions have negative and positive values,
respectively. Therefore, a Monte Carlo simulation using the extended pair interaction
model[47, 48] is considered to be effective even in inquiries the effects of microalloying

additions to Al-Li alloys.

1.2 Objectives of the present thesis

The objectives of the present thesis are (1) to elucidate the role of microalloying
elements on the mechanical strength and precipitate microstructures of Al-Li-Cu alloys,
and also (2) to propose a new high strength Al-Li-Cu alloy based on a theoretical prediction

from the results of a Monte Carlo simulation.

The results of transmission electron microscopy (TEM) reveal that the simultaneous
formation of some precipitates takes place at various aging temperatures in multicomponent
Al-Li-Cu alloys. In this work, the effects of various microalloying elements are investigated
firstin the cases of simple Al-Cu and Al-Li binary alloy. Comparison between the quantitative
kinetics determined from the electrical resistivity changes and the microstructure evolution
directly observed in the computer simulation gives useful information concerning both the
macroscopic and atomistic phase decomposition behaviors in the investigated alloys. The
utilized simulation model based on a Monte Carlo method[49] assumes a rigid fcc lattice
in order to reflect atom configurations in Al alloys as exactly as possible. All simulation
parameters, which significantly affect the obtained simulation results, were derived from
characteristic thermodynamic or kinetic quantities of each element. Not only good agreement
between the experimental and theoretical tendencies but also first prediction of the effects
of previously never reported microalloying elements is a most important result obtained in

the present thesis.

From the results of the above simple Al-Cu and Al-Li binary alloys, furthermore, the
effects of microalloying additions to multicomponent Al-Li-Cu alloys are discussed. The
obtained simulation results are well classified in terms of the characteristic features of
microalloying elements. In particular, a small amount of Mg succeeds in the improvement
of the mechanical strength of the ternary alloy because of the simultaneous strong interaction

with Li and Cu atoms. The proposed simulation model can provide reasonable mechanisms

11



on the accelerated precipitation, which is entirely responsible for the increased mechanical
strength in the Mg-added Al-Li-Cu alloys. The theoretical prediction on the roles of

microalloying elements leads to a concept for alloy designing of new high strength Al-Li-Cu

alloys.

1.3 Outline of the present thesis

Chapter 1 General Introduction

In this chapter, a brief review on some advantages of Al-Li alloys as a new light
material, pronounced effects of microalloying elements and theoretical approaches using a
computer simulation has been first presented. Objectives and straightforward outline of the

present thesis are also described in the following sections.

Chapter 2 Mechanical Properties and Precipitate Microstructures of Al-Li-Cu Alloys
with Microalloying Elements of Mg and Ag

In this chapter, the pronounced effects of a simultaneous addition of Mg and Ag on the
mechanical properties and precipitate microstructures of an Al-Li-Cu-Zr alloy have been
investigated under various aging conditions. The obtained results are significantly dependent
on applied aging temperatures, which promote a simultaneous formation of the precipitates
observed in the Al-Cu, Al-Li and Al-Li-Cu alloy systems. This leads to the reason why the

present thesis is divided into the following chapters.

Chapter 3 Computer Simulation Models and Derivation Method of Parameters

In this chapter, a Monte Carlo method is briefly introduced first with its several advantages.
Fundamentals and conditions of the utilized simulation models, quantitative analysis
procedure of simulation microstructures and comparison method with actual aging times
are also described in the following sections. The derivation method of utilized simulation
parameters, which are determined by the knowledge of experimental thermodynamic or
kinetic quantities, are proposed in Section 3.3. Finally, the calculation method of electrical
resistivity from obtained simulation results is shown to establish the reliability of this

simulation model by comparing with experimentally measured electrical resistivity changes.

Chapter 4 Microstructure Evolution of Cu Atom Clustering and Kinetics of Low-

Temperature Precipitation in Al-Cu Alloys with Microalloying Elements

12



In this chapter, the effects of third additional elements on the kinetics of the GP zone
formation in an Al-Cu alloy have been experimentally investigated in the temperature
range from 278 to 373K. In particular, the effects of small amount of Mg were examined
in detail from both viewpoints of the nucleation and growth of GP zones. A Monte Carlo
simulation using only nearest neighbor pair interactions was performed to examine the
microstructural evolution of Cu atom clusters resulting in the GP zone formation. Comparison
between the quantitative kinetics determined from the resistivity changes and the
microstructural evolution directly observed in the simulation gives important information
on both the macroscopic phase decomposition kinetics and the microstructural formation

mechanism of Cu clusters in Al-Cu alloys containing various additional elements.

Chapter 5 Microstructure Evolution of Li Atom Ordering and Kinetics of Low-
Temperature Precipitation in Al-Li Alloys with Microalloying Elements

In this chapter, the effects of third additional elements on the kinetics of low-temperature
precipitation in an Al-Li alloy have been experimentally investigated at temperatures from
278 to 373K. The obtained resistivity changes well demonstrate each phase decomposition
stage previously observed in Al-Li alloys. The extended Monte Carlo simulation, in which
pair interactions between up to second nearest neighbor atoms are taken into account, was
performed to examine the microstructural evolution of ordered structures resulting in the
0’ phase precipitation. Comparison between the quantitative kinetics determined from the
resistivity changes and the microstructural evolution directly observed in the simulation
can make clear the relationships between the macroscopic phase decomposition kinetics
and the microstructural formation mechanism of the 0’ phase in Al-Li alloys containing

various additional elements.

Chapter 6 Microstructure Evolution of Solute Atom Clusters and Kinetics of Low-
Temperature Precipitation in Al-Li-Cu Alloys with Microalloying Elements

In this chapter, the effects of various additional elements on the age-hardening behavior
and precipitate microstructures of an Al-Li-Cu-Zr alloy have been investigated in the
temperature range from 278 to 373K. In particular, the effect of small additional Mg,
which plays an important role in the accelerated low-temperature precipitation of the
quaternary alloy, was quantitatively examined by electrical resistivity measurement. From
the atomistic analysis using a Monte Carlo simulation, the characteristic transformation
mechanism in Al-Li-Cu-Zr alloys is discussed in the comparison with the simple Al-Cu
(Chapter 4) and Al-Li (Chapter 5) binary alloys.

13



Chapter 7 Nucleation Mechanism of T1 Phase Precipitation in Al-Li-Cu Alloys

In this chapter, the effects of various additional elements on the age-hardening behavior
and precipitate microstructures of an Al-Li-Cu-Zr alloy have been investigated in the
temperature range from 403 to 523K. In particular, a small addition of Mg, which is most
effective in improving the mechanical properties of the quaternary alloy, is focused and
closely related to the nucleation mechanism of the T1 phase. From the difference in the T1
phase distributions between three quenching conditions; i.e. W.Q.(water-quench),
D.Q.(direct-quench) and S.Q.(step-quench), heterogeneous nucleation sites for the T1 phase
are discussed in terms of both solute atom clusters and point defects aggregates. The
Monte Carlo simulation taken into account the effects of quenched-in excess vacancies can

well reproduce the proposed mechanism of the T1 phase nucleation.

Chapter 8 Prediction of Effects of Microalloying Elements and Application to Alloy
Designing of New Al-Li-Cu Base Alloys

In this chapter, the obtained simulation results in the previous chapters were classified
in terms of characteristic properties of each microalloying element added to an Al-Cu,
Al-Li or Al-Li-Cu alloy. From the theoretical prediction on the roles of microalloying
elements, furthermore, a concept for alloy designing of new high strength Al-Li-Cu alloys
is proposed. The concept is composed of the control of Cu and Mg contents, selection of
microalloying elements and optimization of applied solution treatment temperatures. As a
consequence of these alloy designing methods, the highest tensile strength of 656MPa in
the L (longitudinal) direction is achieved in a newly developed Al-Li-Cu-Mg-Ag-Zr-Zn-Mn
alloy.

Chapter 9 Conclusions
In this chapter, conclusion remarks of the present thesis are summarized from the

results in each chapter.

The flowchart representing outline of the present thesis is shown in Fig.1.5.
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Chapter 2
Mechanical Properties and Precipitate Microstructures of Al-Li-Cu
Alloys with Microalloying Elements of Mg and Ag

2.1 Introduction

Lithium is the lightest metallic element found in nature and its addition to aluminum
significantly reduces density. According to the equilibrium phase diagram in Fig.1.1,
furthermore, alloys based on the Al-Li system are of age-hardening type because of a
marked change in Li solubility in Al with temperature change. When Al-Li alloys are
quenched from the @ single-phase region into the @+ & two-phase region, therefore,
phase decomposition of the supersaturated solid solution occurs although a somewhat
complicated sequence is followed[1]. The transient metastable ¢ ’(Al3Li) phase, which
has a L12-type ordered structure coherent with the Al matrix, is well-known to be responsible
for the age-hardenability of the alloys. Plastic deformation in the Al-Li binary alloys
strengthened by the 0 * phase, however, takes place easily due to the superlattice dislocation
mechanism, in which dislocations tend to move in pairs on a particular slip plane because
of a compensation for anti-phase boundaries(APB) within the & * particles. This deformation
mechanism results in a low ductility and low fracture toughness of the Al-Li alloys because
the stress concentration at grain boundaries induced by the dislocation pileup eventually
leads to grain boundary failure. Therefore, the 6 * phase is not worth while to be utilized
as the strengthening phase in commercial Al-Li alloys over a wide range application to

structural components.

The addition of alloying elements is an effective method to improve the mechanical
strength of Al-Li alloys due to some mechanisms; i.e. solid-solution hardening, precipitation
hardening and dispersion hardening. As a major additional element in Al-Li alloys, Cu has
been utilized to produce new strengthening phases such as GP zone, 6 ’(Al2Cu) and
Ti(Al2LiCu) in addition to the ¢’ phase. Zr has been also added to retard recrystallization
resulting in a decreased grain size, which is caused by the dispersoid formation of fine 8’
(AI3Zr) particles. In a fabrication process, however, such the developed Al-Li alloys; e.g.
the registered 2090(Al-Li-Cu-Zr), 2091, 8090 and 8091(Al-Li-Cu-Mg-Zr) alloys, must be
inevitably subjected to the stretch temper by 3-7% prior to artificial aging treatments to
promote the homogeneous precipitation of the above strengthening phases (i.e. T8 temper

condition). Since this pre-worked temper is quite unpractical especially for the fabrication
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of large component parts, however, further attempts have been also conducted to obtain the
same mechanical properties without stretching as those of the T8 temper alloys on the
basis of additions of microalloying elements. These attempts led to the introduction of new
2094, 2095, 2096 and 2195 alloys, which contain small amounts of Mg and Ag to stimulate
the transgranular precipitation of the T1 phase with the high number density[2-4], in the
early 1990s. These alloys are expected to be a promising material for aerospace application;
e.g. cryogenic tankage of booster systems, because conventional T6 temper conditions can
provide the excellent mechanical strength over 700MPa(UTS)[3, 5, 6], which is the highest
one among all ingot metallurgy(I’/M) aluminum alloys. As for the mechanism of the
accelerated T1 phase precipitation by the combined addition of Mg and Ag, the detailed

discussion is made in Chapter 7.

In this chapter, the pronounced effects of a simultaneous addition of Mg and Ag on the
mechanical properties and precipitate microstructures of an Al-5.0%Li-2.3%Cu-0.04%7Zr
(mol%) alloy have been investigated under various aging conditions using hardness and
electrical resistivity measurements, tensile test and transmission electron microscopy. The
obtained results are significantly dependent on applied aging temperatures, which promote
the simultaneous formation of some precipitates observed in the Al-Cu, Al-Li and Al-Li-Cu
alloy systems. This leads to the reason why the present thesis is divided into the following

chapters.

2.2'Experimental Procedures

2.2.1 Preparation of materials

The alloys utilized in this chapter were supplied by Alithium Limited. Two types of
alloys were prepared from high-purity materials under Ar gas atmosphere followed by

- continuous casting. The chemical compositions of the alloys are listed in Table 2.1. For

Table 2.1 Chemical compositions of the alloys utilized in this chapter (mol%).

Alloys - Li Cu Mg Ag Zr Al
(Mg+Ag)-added 5.27 2.33 0.553 0.0972 0.0471 bal.
Mg-free 5.23 2.39 0.002 0.0948 0.0443 bal.
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simplicity, an Al-5.3%Li-2.4%Cu-0.04%Zr alloy containing 0.5%Mg and 0.1%Ag (mol%)
is designated as (Mg+Ag)-added alloy, whereas the equivalent alloy containing only

0.1mol%Ag is designated as Mg-free alloy, in this chapter.

2.2.2 Fabrication process

The ingots were homogenized at 723K for 86.4ks, then scalped, and hot- and cold-rolled
to 1.6mm-thick sheets after re-heating at 773K for 21.6ks. Solution treatments were carried
out in a salt bath at 778K for 1.8ks followed by water quenching at ~298K. The subsequent
aging treatments were performed at temperatures from 278 to 523K for various aging
times. In this work, the room temperature designated as RT always stands for ~298K. The

above fabrication process is illustrated in Fig.2.1.

2.2.3 Hardness measurement

The specimens for hardness measurement were cut from the fabricated sheets with
dimensions of 10mm X 10mm X 1.6mm. After various heat treatments, each specimen was
mechanically polished using #100-#1200 emery papers and 0.3-1.0 £ m alumina particle
buffing. For the Al alloys containing substantial amounts of Li, the surface of the specimens
was removed by 0.1mm in thickness at least to eliminate the regions of Li loss induced
during the above solution treatment[7]. Micro Vickers testing machine was utilized for
hardness measurement of as-polished specimens with a 500g load. The hardness of each

specimen was determined as an average value of five tested points out of seven ones.

> 2.2.4 Tensile test

The specimens for tensile test were prepared from 1.0mm-thick sheets with a gauge
length of 25mm in the longitudinal direction. The shape and size of tensile specimen are
illustrated in Fig.2.2. The tensile test was performed at a constant strain rate of 1.3 107s
at RT with a Instron-type tensile test machine. In this work, at least three specimens were
tested to obtain reliable values of 0.2% yield stress(0.2% Y .S.), ultimate tensile strength(UTS)

and elongation(Elo.).

2.2.5 Electrical resistivity measurement

The wires for electrical resistivity measurement were prepared by drawing with
dimensions of ¢ 1.0mm X300mm'. After various heat treatments, all wire specimens were
quickly quenched into water at ~298K followed by the immersion in liquid nitrogen at ~

77K. The electrical resistivity measurement was carried out by the usual four-probe
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Fig. 2.1 Flowchart for preparing alloy specimens.
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potentiometric technique. The value of electrical resistivity, 0, was calculated using the

following equation;
p=(V,/1,) (Al L) 2.1)

where
Vm : Measured potential difference (in mV)
Ist : Constant current of electricity (120mA)
A : Cross-sectional area of the wire (0.785mm?)
L : Gauge length (300mm).

The overall accuracy of measured electrical resistivities was assessed to be within =

0.02% using a standard resistor.

2.2.6 Transmission electron microscopy

The foils for transmission electron microscopy (TEM) were prepared by a twin-jet
polishing technique in a solution of 20vol.% nitric-acid and 80vol.% methanol at ~250K.
TEM observation was performed at an accelerating voltage of 200kV with both JEM200CX
and JEM3010 transmission electron microscopes. High resolution images of precipitate
microstructures were taken using 000 transmitted beam and two or four diffracted beams
along one excited direction under the axial illumination condition. Since the maximum
contrast is generally obtained at a quarter of the extinction distance, very thin regions of
specimens were observed. The size distribution and number density of some precipitates
were determined from bright field TEM micrographs by estimating the foil thickness due

to an equal thickness fringe method.

i);
N A
|
y
30 ﬂ
]
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40

A

60

Fig.2.2 Shape and dimensions of specimen for tensile test.
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2.3 Precipitation behavior of low-temperature aging

2.3.1 Hardness changes

The isothermal aging curves of hardness are illustrated in Fig.2.3 for the (Mg+Ad)-added
and Mg-free(i.e. Ag-added) alloys aged at RT to 373K. With increasing aging time, the
(Mg+Ad)-added alloy exhibits a rapid and pronounced hardening to reach over HV150 at
all aging temperatures. Although higher aging temperatures; e.g. 373K, eventually attain
almost identical values of hardness, on the other hand, the rate of hardness-increase in the
Mg-free alloy is obviously decreased compared with that in the (Mg+Ag)-added alloy. The
difference of aging response between the two alloys is also revealed from the results of

tensile test.

2.3.2 Tensile properties

Figure 2.4 shows longitudinal tensile properties of the (Mg+Ag)-added and Mg-free(i.e.
Ag-added) alloys under both the as-quenched and naturally aged conditions. It is obvious
that a small addition of Mg markedly increases the age-hardenability of naturally aged
Al-Li-Cu-Zr alloys resulting in the excellent strength-ductility combination of 307MPa
(0.2%Y.S.), 523MPa(UTS) and 14.6%(Elo.) after 1814ks aging. Such the pronounced
difference in mechanical properties can be well interpreted by comparing their precipitate
microstructures.

2.3.3 Transmission electron micrographs

Figure 2.5(a) and (b) shows the bright field TEM images, including the corresponding
diffraction patterns, for the (Mg+Ag)-added and Mg-free(i.e. Ag-added) alloys aged at RT.
The electron diffraction pattern of the (Mg+Ag)-added alloy exhibits continuous diffuse
streaks toward the (100) direction together with superlattice reflections, indicating the
presence of a mixture of fine GP(1) zones and the ' phase (and/or its precursory structures)
(Fig.2.5(a)). In contrast, the diffraction pattern of the Mg-free alloy reveals almost no
~ precipitates even after 2.7 X 10* ks aging (Fig.2.5(b)) similarly to that of the naturally aged
(Mg+Ag)-added alloy in the early stage of aging; i.e. until about 1 ks. At higher aging
temperatures, however, GP(1) zones are also detected even in the Mg-free alloys with the
coexisting 0’ phase, as revealed in the TEM micrograph of the Mg-free alloy aged at
373K for 5.4X 10’ ks (Fig.2.5(c)). These results indicate that a small addition of Mg to
Al-Li-Cu-Zr alloys markedly affects the formation rates of GP(1) zones and/or the 0’

phase resulting in the faster increase in the hardness (Fig.2.3).

2.3.4 Electrical resistivity changes
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Electrical resistivity measurement is capable of the more detailed quantitative analysis
of the precipitation kinetics. Figure 2.6 illustrates the electrical resistivity changes of the
(Mg+Ag)-added and Mg-free(i.e. Ag-added) alloys aged at 278 to 373K. The difference in
as-quenched resistivities between them almost originates in the ~0.55mol%Mg addition
because its calculated contribution to 0 is ~2.5nQm using a reported value of 0 °=4.6n
Qm/mol%Mg[8]. Except for the 278K aging of the Mg-free alloy, both alloys clearly
display a two-stage increase in resistivity; i.e. first, a stage of gradual increase and second,
a stage of rapid increase. In this work, the first stage is designated as Stage 1, whereas the
subsequent is designated as Stage 2. In general, it is well recognized that Al-Cu binary
alloys exhibit one-stage increase in resistivity from just after quenching at low aging
temperatures, whereas Al-Li binary alloys also display a rapid increase in 0 from the
early stage of low-temperature aging. Regardless of the small addition of Mg, therefore,
anomalous two-stage increase observed in Fig.2.6 is regarded as a characteristic feature of
Al-Li-Cu alloys, which strongly suggests the simultaneous precipitation of GP(1) zones

and the 0’ phase (and/or its precursory structures).

For the kinetics of phase decomposition in Al-Li-Cu alloys, Mg addition obviously
shortens the transition time from Stage 1 to Stage 2, ts, as indicated in Fig.2.6. The
acceleration of the Stage 2 precipitation, which is also revealed in the age-hardenability of
the (Mg+Ag)-added alloy (Fig.2.3), is well explained by the enhanced formation of GP(1)
zones from the results of the precipitate microstructures in Fig.2.5. In contrast, it is quite
natural to consider that the Stage 1 precipitation is attributed to the growth of the 0’ phase
and/or its precursory structures. In this work, in order to elucidate the detailed effects of
various additional elements, Chapters 4 and 5 are assigned to the simple cases of Al-Cu
and Al-Li binary alloys. From the revealed roles of microalloying elements in these alloys,
furthermore, the mechanism of the accelerated Stage 2 precipitation by the Mg addition is

discussed in detail in Chapter 6 again.

2.4 Precipitation behavior of high-temperature aging
2.4.1 Hardness changes
Hardness changes during isothermal aging at 403 to 523K are illustrated in Fig.2.7 for |
the (Mg+Ag)-added and Mg-free(i.e. Ag-added) alloys. The small addition of Mg obviously
shortens the time to attain peak hardness and also increases the value of peak hardness at

all aging temperatures; e.g. as much as ~HV50 at 433K. The difference in the age-

27



66

64

62

60

58

56

Electrical resistivity, o /nQm

>4

52

- 278K

373K

(Mg+Ag) Mg
-added -free

313K
343K

AQ. 0% 10 1 10 107 10°
Aging time, t/ks

Fig.2.6 Changes in electrical resistivity of (Mg+Ag)-
added and Mg-free alloys aged at 278 to 373K after
quenching from 778K.

28



Ol

MEZS 01 €0t 1e pabe sAoje aal4i-b pue
pappe-(By+b) 10} sseupiey 4O SaAInNd bulbe jeuwusylos) 2z 014

Sy /1 ‘swn bulby
L0l 0l 0L ol I DV

| T T [T T ISR T (R T T T T T T T

MEZS
NEIY
NEEH
MEOY

994~ pappe-

BN (By+Bp)

1 091

1 081

09
08

001
0zl

ovL

AH / SSaupJey Sia)oiA 040N

1 00¢

022

29



hardenability is also revealed by the mechanical strength of the two alloys.

2.4.2 Tensile properties

Figure 2.8 shows longitudinal tensile properties of the (Mg+Ag)-added and Mg-free(i.e.
Ag-added) alloys aged at 433 to 463K. Each aging condition provides almost peak hardness
of the two alloys as illustrated in Fig.2.7. It is obviously seen that a small addition of Mg
yields higher values of mechanical strength compared with that of the Mg-free alloys,
resulting in an excellent properties for commercial applications of the (Mg+Ag)-added
alloys. This pronounced effect of Mg addition can be well explained in terms of

microstructural changes during aging.

2.4.3 Transmission electron micrographs

Figure 2.9 shows the bright field TEM images for the (Mg+Ag)-added and Mg-free(i.e.
Ag-added) alloys aged at 433K for 346ks. The electron diffraction patterns of both alloys
exhibit continuous streaks toward the (100) direction with intensity maxima at every
fourth between fundamental 200 spots, indicating the presence of plate-like GP(2) zones.
The microstructure of the (Mg+Ag)-added alloy also reveals the high number density of
the T1 phase on the {111} habit planes, which provides both continuous streaks toward the
(111) direction and 1/3, 2/3 220 spots in the corresponding diffraction patterns. In the
Mg-free alloy, however, the T1 phase are observed heterogeneously at subgrain boundaries
with the coarsened precipitate size and low precipitate number density. The pronounced
difference in the precipitate microstructures clearly shows that a small addition of Mg
markedly stimulates the transgranular formation of the T1 phase resulting in the higher
mechanical strength of Al-Li-Cu-Zr alloys. The similar results are obtained in the precipitate
microstructures of the 463K aging as illustrated in Fig.2.10. Figure 2.11 shows precipitate
size distributions of the (Mg+Ag)-added and Mg-free alloys under the above two aging
conditions. Table 2.2 summarizes observed precipitates in the two alloys aged at RT to
523K. It is obviously confirmed that the small addition of Mg to Al-Li-Cu-Zr alloys
significantly accelerates the T1 phase formation at above ~400K, whereas strengthening
phases of the Mg-free alloys are still GP zones and the &’ phase with the coarsened T1
phase only at subgrain boundaries. It should be also emphasized in Table 2.2 that metastable
phase regions remain unchanged regardless of Mg addition at most of investigated aging
temperatures. The mechanism of the enhanced T1 phase precipitation by the Mg addition is

discussed in detail in Chapter 7.
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(b) [

Fig.2.9 Electron micrographs with diffraction patterns
for (Mg+Ag)-added (a) and Mg-free (b) alloys aged at
433K for 3406ks.
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100nm

Fig.2.10 Electron micrographs with diffraction patterns
for (Mg+Ag)-added (a) and Mg-free (b) alloys aged at
463K for 36ks. |
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Fig. 2.11 Precipitate size distributions for (Mg+Ag)-added and Mg-free

alloys aged at either 433K for 346ks(a, b) or 463K for 36ks(c, d).



Table 2.2 Precipitates observed in (Mg+A g)-added and Mg-free (1.e. Ag-added) alloys
aged at temperatures from RT to 523K. The precipitates in brackets () are of low density

and T1 phase in brackets [ ] is only detected at subgrain boundaries.

Aging temperature / K | Aging time / ks (Mg+Ag)-added alloy Mg-free alloy
298(RT) 8.6 X 10 &', GP(1) zone (6"
2.4 <10 o', GP(1) zone (8", (GP(1) zone)
373 1.8 X10° &', GP(1) zone &', GP(1) zone
403 1.8 X10° &', GP(1) zone &', GP(1) zone
orxio | 0GR T
433 3.6X10 &', GP(1) zone &', GP(1) zone
3.5 X 10 o', GP(2) zone, T1 o', GP(2) zone, [T1]
1.9 10 (69, 6',[T1]
463 7.2 T1 ( 5", GP(2) zone
3.6 X10 T1 &', GP(2) zone, [T1]
1.9 xX10* Ti (o), 6, [T1]
523 9.0 x10" T1 [T1]
1.8 T1 [T1]
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2.5 Conclusions

The mechanical properties and precipitate microstructures of both an Al-5.0%L.i-
2.3%Cu-0.04%7Zr (mol%) alloy and the equivalent alloy containing 0.55mol%Mg and
0.01mol%Ag were investigated at aging temperatures ranging from 278 to 523K using
hardness and electrical resistivity measurements, tensile test and transmission electron

microscopy. The obtained results are summarized as follows.

(1) Both alloys exhibit a two-stage increase in hardness and electrical resistivity at
below ~373K. The first gradual-increase stage, Stage 1, is attributed to the growth of the
0 phase and/or its precursory structures, whereas the subsequent rapid-increase stage,

Stage 2, corresponds to the GP(1) zone formation.

(2) A small addition of Mg to the Al-Li-Cu-Ag-Zr alloy markedly accelerates the

GP(1) zone formation résulting in the faster increase in both hardness and electrical resistivity.

(3) The small amount of additional Mg also stimulates the T1 phase precipitation
resulting in the enhanced age-hardening at elevated aging temperatures higher than ~
400K.

(4) In contrast, the microstructures of the Mg-free alloys consist of GP zones and/or the

0 * phase with the coarsened T1 phase only at subgrain boundaries.
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Chapter 3
Computer Simulation Models and Derivation Method of Parameters

3.1 Introduction

Because of the recent rapid progress in computer hardware, a new field in materials
science has been advanced due to the possibility of performing computer simulations of
large systems. At present, such computer simulation technologies are widely applied to
make clear various phenomena in solid materials; e.g.

(D Calculation of phase diagrams by Cluster Variation Method(CVM) and study of
configurational thermodynamics and kinetics by Path Probability Method
(PPM)[1-7],

(2 Alloy design based on Molecular-Orbital theory[8-11],

(3) Predictions of structural stability and compound formation by extended Huckel
method[12-15],

(4) Phase decomposition analysis based on discrete type Non-Liner Diffusion
Equation[16-20]

and
(5 Modeling of microstructure evolution using Monte Carlo method[21-24].
Among them, the Monte Carlo simulation is a most powerful method especially to inquire
into the microscopic behavior occurring in alloys because the method can visualize such
atomistic events as nucleation and growth of precipitates for arbitrary alloy systems. Soisson
et al.[21] performed a Monte Carlo simulation of Cu atom clustering in « -Fe to follow the
microstructural evolution of the morphology, composition and size distribution of Cu atom
clusters. Ikeda ez al.[22, 23] qualitatively ascribed electrical resistivity changes of an
Al-4.5mol%Zn alloy to size distributions of Zn atom clusters obtained from a Monte Carlo
- simulation. Furthermore, Saito er al.[24] applied the simulation to ordering of the 7’
phase in commercial Ni-base superalloys in order to predict preferential substitution sites

of some alloying elements.

Any above computer simulation, however, requires a number of assumptions and
simplifications in the model in order either to shorten the simulation time or to solve
equations analytically. Therefore, the modeling of simulations is a quite important problem
to obtain reliable simulation results. In this work, a kinetic Ising model[25] with interactions

up to second nearest neighbors on the fcc lattice was adopted to reflect the atom configurations
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in Al as exactly as possible. All simulation parameters, which significantly affect the

obtained simulation results, were derived from known thermodynamic or kinetic quantities.

In this chapter, the Monte Carlo method is briefly introduced first with its several
advantages. Fundamentals and conditions of utilized simulation model are described in the
following section. Both the quantitative analysis of simulation microstructures and the
comparison with actual aging times are also made. Section 3.3 describes a derivation
method of the utilized simulation parameters, which are determined by the knowledge of
experimental thermodynamic or kinetic quantities. The calculation method of electrical
resistivity from the obtained structural parameters is finally proposed to establish the
reliability of the simulation results by comparing with experimentally measured electrical

resistivity changes.

3.2 Simulation models

3.2.1 Monte Carlo method

Since Metropolis et. al[26] first proposed a so-called “Monte Carlo” method for the
study of thermodynamical properties of substances consisting of interacting individual
molecules, the method has been extensively applied to various physical phenomena
concerning statistical mechanics. The Monte Carlo method is based on a stochastic process
in a given system, which generates a Boltzmann-weighted chain of the concerned
configurations, resulting in the powerful method to follow microstructural changes even in
solid materials. In particular, phase decompositions in alloys are quite convenient in applying
this method because thermally activated vacancy jumps mostly control their kinetics and
formation behavior. In this work, dynamical evolutions of some precipitates involving both
clustering and ordering reactions are investigated using a standard Metropolis algorithm[26].
Several advantages of this method are pointed out as follows:

(D Atomistic events during phase decompositions; e.g. diffusion of solute atoms,
nucleation and growth of precipitates, can be visualized spatially and temporally
from the quite early stage of aging.

(2) No information such as critical nucleus size, shape and composition of precipitates
and distinction between nucleation and growth stages is required.

(3 The simulation results are entirely ascribed to utilized simulation parameters.

@ The structural parameters characterizing obtained simulation microstructures; e.g.

residual solute atom concentrations in the matrix, average size and number density
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of precipitates, can be easily evaluated using the cluster analysis method[27, 28].

3.2.2 Conditions of utilized simulation model

Computer simulations were performed on a rigid fcc lattice with 25X25X 25 unit cells
(i.e. 132651 lattice points) by a conventional Monte Carlo method[26]. Periodic boundary
conditions were also adopted to eliminate a limitation of the above simulation size. Figure
3.1 shows the algorithm of the simulation procedure performed in this work based on the
Monte Carlo method. As an initial microstructure of the simulation system, all lattice sites
are occupied at random by Al atoms, Cu or Li atoms and third elemental atoms with the
corresponding alloy composition. The realistic diffusion of these atoms always takes place
via vacancies with the concentration of ~1.5X 10, which approximately agrees with the
equilibrium vacancy concentration in pure Al at 793K[29]. This postulates that the
investigated phase decomposition evolves without diminishing quenched-in excess vacancies
during the simulation. The exchange of a randomly selected vacancy with one of its
nearest neighbor atoms is allowed if the transition probability, W, is greater than a randomly
generated number, x, between 0 and 1. The value of W is calculated from the symmetrical
solution[30]:

W =exp(—AE/ RT)/[1+exp(—-AE/RT)], 3.1

where AE is the energy difference between atom configurations before and after the
exchange, R is the gas constant and 7 is the simulated temperature. As a straightforward
example, the calculation method of AE in a two-dimensional square lattice is illustrated in
Fig.3.2. In this work, the normalized total attempt times by the number of vacancies refer
to the simulation time in Monte Carlo steps(MCs) because actual diffusion of vacancies

takes place simultaneously.

3.2.3 Structural parameters characterizing simulation microstructures

Structural parameters characterizing simulation microstructures were followed as a
function of Monte Carlo steps(MCs) using the cluster analysis method[27, 28]. In this
work, a cluster was defined as a solute atom aggregate containing either two and more than
two solute atoms for clustering process, or more than six solute atoms within one unit cell
of aLL12-type ordered structure for ordering process. Therefore, residual solute concentrations
in the matrix, Cs, can be obtained from either the concentration of isolated solute atoms
surrounded by Al atoms (clustering process) or solute atom aggregates containing less than
seven solute atoms within one Ll2-type unit cell (ordering process), respectively. The

number density of precipitates, N, in the unit of m” is estimated from the number of solute
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( START )

3-dimensional fee lattice (25X 25X 25 unit cells)

Scattering solute atoms at random with the
corresponding composition
Diffusion of atoms taken place via vacancies

Generating an initial condition

e

Picking up onc vacancy

Picking up one of the nearest neighbor
atoms around the selected vacancy

Calculating the energy difference between
the atom configurations betore and after
the exchange of the two, AE

Calculating the transition probability, W 10% Monte Carlo steps(MC:s)

x: randomly generated

T number
Exchanging the positions of the two Replace the two at original
positions
e}

Output of the results

Fig.3.1 Algorithm of the simulation procedure using the
Monte Carlo method performed in this work.
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atom clusters within the simulation system, whereas the average size of precipitates, n, is
defined as the number of solute atoms inside one cluster. As for the simulation of ordering
processes, furthermore, the degree of short-range order (SRO), s, is evaluated from the
neighborhood relationship around atoms. Such atomistic events as the preferential vacancy
trapping by some elemental atoms and the substitution of third additional elements within

the ordered structure are also quantitatively estimated during the Monte Carlo simulation.

3.2.4 Comparison between MCs and actual aging time
It is quite essential to compare the simulation time defined above with the actual aging

time experimentally subjected to alloys. In this work, as an effective scaling method
between them, self-diffusion of Al was investigated using the same simulation models as
illustrated in Fig.3.3. Figure 3.4 quantitatively shows the variation in concentration profiles
of marked Al atoms, which originally settled in one side (x<<0) and gradually migrate
through an interface (x=0) to the other side (x_>0) in Fig.3.3, as a function of Monte Carlo
steps(MCs). These profiles can be analytically expressed by solving Fick’s second law,

C(x, MCs) = (1/:2){1 - erf(x/ 2Dr)} (3.2)
using the following boundary conditions; i.e. C=1 (100mol%) at x<0 and C=0 (Omol%) at
x>0. Here, C(x , MCs) is the concentration of marked Al atoms on one atomic layer with
the distance from the interface, x, at an arbitrary MCs, D is the self-diffusion coefficient at
a fixed temperature and ‘erf’ stands for the usual error function. Taking into account the
fact that the simulation for self-diffusion of Al is independent of simulated temperatures,
scaling constants between MCs and actual aging time, m, can be assessed by comparing
the estimated diffusion coefficient at each simulated temperature with experimentally reported
one. In this work, the increased self-diffusion coefficient by quenched-in excess vacancies,
D*

D" = D,exp(~Q/ RT,)x{exp(~E,/ RT;) lexp(~E, | RT,)}

= D,exp{(-Q + E,)/ RT, }exp(~E, / RT,)
where

(3.3)

Pre-exponential factor: Do=1.71 X 10* m?/s
Activation energy for self-diffusion: Q =142kJ/mol
Gas constant: R =8.3145]/mol - K
Formation energy of a vacancy: Er =64.6kJ/mol(0.67eV)[31]
Solution-treatment temperature: 7s =793K.
was utilized as the experimental coefficient, D, in eq.(3.2). Table 3.1 summarizes the

evaluated scaling constants, m, together with the diffusion coefficients at 7a in both the
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Fig.3.3 Dynamical evolution of marked Al atoms, which originally
settled in one side and gradually migrate through an interface to the
other side, on one atomic layer of (001) plane during self-diffusion for
1MCs(a), 2.5 X10°MCs(b) and 2.5 X10’MCs(c). The open and solid
circles represent unmarked Al and marked Al atoms, respectively.
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Table 3.1 Diffusion coefficients at aging temperatures, 7a , both in the equilibnum

state, D eq , and the accerelated state by quenched-in excess vacancies, D* , and
obtained scaling constants between Monte Carlo steps(MCs) and actual aging times, m .

Diffusion coefficient at Diffusion coefficient at

MRS Ta mibseulbmm T nihesceoreaed T
273 1.2X10* 1.5X10% 3.2X10?
313 3.4X10% 1.2X10% 4.1X10*
343 4.1X10% 1.6X10% 3.0X10°
373 : 2.2X10% 1.4X10% 3.5x10°
400 ‘ 49X10% 7.5X10" 6.5 X107
500 2.5X10% 7.8X107 6.0 x<10?
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equilibrium state, Deg, and accelerated state by quenched-in excess vacancies, D*. The
actual aging time performed in this Monte Carlo simulation is exponentially shortened
with increasing aging temperature, 7a. In the simulation at 273K, however, it is sufficiently
reasonable to correlate the temporal evolution of 10’MCs with actual aging time of ~ 10s,
not ~3.2X 10°s in Table 3.1, if continuous decrease in vacancy concentration due to the
vacancy-sink mechanism is taken into account. This relationship; i.e. 1MCs is almost equal
to 1s at 273K, is confirmed again in Chapters 4-6 by the comparison between electrical

resistivity changes experimentally measured and evaluated from the simulation results.

3.3 Derivation method of simulation parameters

The study of phase decompositions in alloys using a Monte Carlo method requires an
accurate estimation of interatomic interactions. In this work, all interactions are restricted
up to second nearest neighbors and also derived from known thermodynamic or kinetic
quantities. Tables 3.2 and 3.3 summarize experimental values of the cohesive energy,
Econ[32], formation energy of a vacancy, E~+[31] and nearest neighbor interatomic distance,
r [32], in pure metals. The values of maximum solubility limits, e, and the corresponding
temperatures, 7™, in the equilibrium phase diagrams for Al-j, Cu-j, Li-j and Mg-j binary
alloys[33, 34] are listed in Tables 3.4-3.7. The derivation method of utilized pair interactions

is as follows.

3.3.1 Pair interaction between same atom species
Pair interaction between same atom species, ¢ ,, is estimated from the phenomenological
Lennard-Jones type potential of the following form:
£,= £ R I =205 Ty (3.4)
where a pair interaction between i-i atoms in the pure metal, & »<,, is evaluated from
e =2E,,/z7. (3.5)
The exponents of repulsive and attractive terms in eq.(3.4); i.e. 8 and 4, are previously
reported values for pure metals[3, 35]. Figure 3.5(a) illustrates the variations in ¢ . with
the interatomic distance, r, for Al-Al and Cu-Cu pairs. Note that a slightly larger value of
& cuce than the most stable ¢ 7., is utilized in this simulation when Cu-Cu pairs are

formed on the Al lattice sites having the nearest neighbor interatomic distance r,,=
0.2864nm.

3.3.2 Pair interaction between different atom species
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distance of an arbitrary pair located on Al lattice sites.
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In contrast, pair interaction between different atom species, ¢ , is obtained from an
interaction parameter derived from the corresponding equilibrium phase diagram, ¢ ,,:
£, = £, H(€,+ sjj)/z. (3.6)
In the case of the phase decomposition with clustering reaction, the value of & ,, is exactly
equal to the ordering parameter, V> which is introduced in Chapter 4, because the derivation
method is based on a regular solution approximation. In general, the free energy change in

mixing, A Gmir, in a regular solution of i-j binary alloys is expressed as follows:

AG,.. =AH,, —TAS, 37)
= Qxl.xj+ RT(x Inx + len xj)
where
Q= N,ze (3.8)
Here, x; and x, refer to mol-fractions of i and j atoms; i.e. x+x=1, € an interaction
parameter and Na Avogadro’s number. Under the condition of a solid solution having the
maximum j concentration, C™, in i at the corresponding temperature, T, the following
relationship can be approximately assumed:
dAG,, dx,=C(x;—x)+RT(Inx, ~Inx) =0, (3.9)
because the free energy change A Gmix becomes almost minimum. Therefore, interaction
parameters derived from the equilibrium phase diagrams, ¢ ., can be obtained by the

following equation:
g, =RI(lnx, —In xj)/ N, dx, - xj)

3.10
= RT™ (In(1- ¢ )—In ;) Nz(1 —ZCJ’.““"). (3.10)

3.3.3 Pair interaction between an atom and a vacancy

Pair interaction between an atom and a vacancy, ¢ ,, is estimated from the assumed

potential (i.e. 0-1 type Lennard-Jones potential) of the form;

£, == Ir). (3.11)
Here, “ghost’ pair interaction between an i atom and a vacancy in the pure metal, &, is
evaluated from

e’ =(E'+E )z, (3.12)
as derived by Doyama er al.[36]. Figure 3.5(b) illustrates the variations in & . With the
distance between an elemental atom and a vacancy, r, for Al-Vacancy and Cu-Vacancy

pairs. Note that no repulsive force works between them under this assumption.

3.3.4 Assumptions for derived pair interactions
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The utilized pair interactions for the Monte Carlo simulation are summarized in Table
3.8. All parameters are assumed to be independent of both the composition and temperature
of the simulated alloys. This implies that the simulation model adopted in this work does
not take into account the entropy term, resulting in the Pseudo-Ground State analysis[37-39].
Despite such the simplification, however, the success of the performed simulations is
proved because basic physical features of the investigated phase decompositions can be
sufficiently followed. The precipitate-matrix interfacial energy is not also taken into account
because of its less influence on the obtained simulation results except for the morphology
of precipitates.

As for the elements having bce structure such as Li, Fe, Cr and V, the coordination
number, z, was regarded as not 8 but 12 because the interatomic distance between second
nearest neighbor atoms is rather close to that between nearest neighbor atoms, as previously
pointed out by Doyama et al.[36]. Similar approximation was also applied to Sn having bct
structure. The simulation for the Si-added alloys was not unfortunately performed because
of an open question as to whether a pair interaction between Si-Si atoms estimated from a

diamond structure, & #=, can be utilized as a Si-Si pair interaction on the Al lattice sites.

3.4 Comparison between experimental and Monte Carlo simulation results

It is also necessary to establish the reliability of the simulation results obtained in this
work by comparing with experimental results. Electrical resistivity changes are quite
convenient for this comparison because structural parameters such as Cs, N and n can
produce calculated increments in electrical resistivity, A o, using the following
relationship;

Ap, = 25'4 Csp; + Ng(n)» (3.13)

where 0 °and g(n) stand for contributions to electrical resistivity by residual solute atoms
per 1mol% and one cluster with average size n. This equation implies that the superimposition
of the decreased residual solute concentrations and increased size and number density of
precipitates, which are represented in the first and second terms on the right-hand side of
eq.(3.13) respectively, attributes to change in electrical resistivity during phase decomposition
occurring in alloys. In this work, the comparison between electrical resistivity curves
experimentally obtained and evaluated from the simulation results is made to reveal the
effectiveness of the utilized simulation models. Table 3.9 shows reported values of electrical
resistivity increments by residual solute atoms in aluminum, p °[40-46]. As for the function

g(n), furthermore, the following relationship is assumed;
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Table 3.8 Pair interactions between same atom species, € ii , between different
atom species, € jj, and between a solute atom and a vacancy, € iv, utilized in
this simulation (in kJ/mol).

Eiiy, £
Al Cu Mg Li Zn Ag Sn
Al -54.5 -49.3 -34.5 -37.9 -36.4 -49.6 -47.4
Cu — -48.5 -32.2 -35.7 -33.4 -45.5 -46.6
Mg — — -16.8 — — —- —
Li — — — -24.4 — — —
Zn — — — — -20.3 — —
Ag — — — — — -47.3 -
Sn — — — — — — -47.77
Vacancy -21.9 -15.8 -10.3 -11.8 -6.03 -14.8 -24.2
Eiv
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Table 3.9 Reported values of increment in electrical resistivity by residual
solute atoms in the dilute Al alloy, o .

¢ 0 |
P /nQm- peferences  Elements P+ /DYM peerences

Elements ol mol!
Cu 8.0 [39] Sn 9.0 [43]
Mg 4.6 [40] Si 6.7 [44]
Zn 24 [41] Zr 58.0 [43]
Ag 13.4 [41] Ge 8.6 [45]

Li 838 [42]
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g(n)=(2.1x107*)n"® for plate-like GP zone in Al-Cu alloys  (3.14)

and

g(n)=(2.5x10)n*® for spherical 0’ phase in Al-Li alloys.  (3.15)
The equation(3.14) for Al-Cu alloys is derived from an experimentally obtained linear
relationship between average zone diameter and increment in 0 by one zone in Fig.3.6[47].
In contrast, the equation(3.15) for Al-Li alloys is a proposed relationship by comparing

calculated resistivity changes from the obtained simulation results with experimentally

measured ones.

58



- Ta :
L a 40BK .
o a 383K T
- u e 3B3K -
% L o 313K ot §
o 273K dﬁ/{

AN
10% | =
s | :
5 L .
10—25 o :
= -1
C 1 1 1 i i1 ]

5 10

Zone Diameter D/ nm

Fig.3.6 Change in scattering power of one GP zone in
Al-Cu alloys, G(D), as a function of average zone
diameter experimentally determined by simultaneous
measurements of small-angle X-ray scattering(SAXS)
intensities and electrical resistivity changes during
aging at Ta [47].

59



References
[1] H.Yamauchi and R.Kikuchi: Bulletin of Japan Inst. Metals, 22 (1983), 399.
[2] C.Sigli and J.M.Sanchez: CALPHAD, 8 (1984), 221.
[3] J.M.Sanchez, J.R.Barefoot, R.N.Jarrett and J.K.Tien: Acta Metall., 32 (1984), 1519.
[4] T.Mori: Bulletin of Japan Inst. Metals, 28 (1989), 268.
[5] M.Enomoto, H.Harada and M.Y amazaki: CALPHAD, 15 (1991), 143.
[6] N.Onodera, T.Abe and T.Y okokawa: Acta Metall., 42 (1994), 887.
[7] T.Mohri: Bulletin of Japan Inst. Metals, 33 (1994), 1416.
[8] H.Adachi and S.Imoto: Bulletin of Japan Inst. Metals, 17 (1978), 490.
[9] M.Morinaga, N.Y ukawa and H.Adachi: Bulletin of Japan Inst. Metals, 23 (1984), 911.
[10] M.Morinaga, N.Yukawa and H.Adachi: Bulletin of Japan Inst. Metals, 27 (1988),
165.
[11] R.Ninomiya, H.Yukawa and M.Morinaga: J. Japan Inst. Light Metals, 44 (1994), 171.
[12] S.Yamamoto, M.Mizuno and H.Kobayashi: J. Japan Inst. Metals, 57 (1993), 402.
[13] S.Yamamoto, T.Wakabayashi and H.Kobayashi: J. Japan Inst. Metals, 57 (1993),
1367.
[14] S.Yamamoto: J. Japan Inst. Light Metals, 44 (1994), 733.
[15] M.Takeda and H.Oka and I.Onaka: Phys. stat. sol. (a), 132 (1992), 305.
[16] A.Takeuchi, T.Koyama, T.Kozakai and T.Miyazaki: J. Japan Inst. Metals, 54 (1990),
1177.
[17] A.Takeuchi, T.Koyama, T.Moriya and T.Miyazaki: J. Japan Inst. Metals, 56 (1992),
1242.
[18] A.Takeuchi, T.Koyama and T.Miyazaki: J. Japan Inst. Metals, 57 (1993), 492.
[19] T.Koyama, T.Miyazaki and M.Doi: J. Japan Inst. Metals, 60 (1996), 553.
[20] T.Koyama, T.Miyazaki, M.Doi, A.M.Mebed and T.Moriya: J. Japan Inst. Metals, 60
(1996), 560.
[21] F.Soisson, A.Barbu and G.Martin: Acta mater., 44 (1996), 3789.
[22] H.Ikeda and H.Matsuda: J. Japan Inst. Metals, 48 (1984), 8.
[23] H.Ikeda and H.Matsuda: J. Japan Inst. Metals, 49 (1985), 423.
[24] Y .Saito and H.Harada: Mat. Sci. and Eng., A223 (1997), 1.
[25] K.Kawasaki: Phys. Rev., 145 (1966), 224.
- [26] N.Metropolis, A.W.Rosenbluth, M.N.Rosenbluth, A.H.Teller and E.Teller: J. Chem.
Phys., 21 (1953), 1087.
[27] J.Hoshen and R.Kopelman: Phys. Rev., B14 (1976), 3438.
[28] S.Sakamoto and F.Yonezawa: Kotai Butsuri (Solid State Physics), 24 (1989), 219.

60



[29] R.W.Siegel: J. Nuclear Materials, 69&70 (1978), 117.

[30] R.J.Glauber: J. Math. Phys., 4 (1963), 294.

[31] Landolt-Bornstein: Numerical Data and Functional Relationship in Science and
Technology, Vol.28, Atomic Defects in Metals, ed. by H.Ullmaier, Springer-Verlag,
Berlin, (1991).

[32] CXKittel: Introduction to Solid State Physics, 5th edition John Wiley & Sons, Inc.,
New York, (1976), p.74.

[33] Landolt-Bornstein: Numerical Data and Functional Relationship in Science and
Technology, Vol.5, Phase Equilibria, Crystallographic and Thermodynamic Data of
Binary Alloys, ed. by O.Madelung, Springer-Verlag, Berlin, (1991).

[34] ASM Handbook: Vol.3, Alloy Phase Diagrams, ed. by H.Baker, Materials park, Ohio,
(1992).

[35] R.Furth: Proc. Roy. Soc., 183A (1944), 87.

[36] M.Doyama and J.S.Koehler: Acta metall., 24 (1976), 871.

[37] H.Hosoda, T.Shinoda, T.Suzuki and Y.Mishima: J. Japan Inst. Metals, 58 (1994), 483.

[38] H.Hosoda, T.Sato, T.Tezuka, Y.Mishima and A.Kamio: J. Japan Inst. Metals, 58
(1994), 865.

[39] H.Hosoda, A.Kamio, T.Suzuki and Y.Mishima: J. Japan Inst. Metals, 60 (1996), 793.

[40] F.J.Kedves, L.Gergely, M.Hordos and E.Kovacs-Csetenyi: Phys. Stat. Sol. (a), 13
(1972), 685.

[41] T.Fujita and T.Ohtsuka: J. Low Temp. Phys., 29 (1977), 333.

[42] J.Takamura: Lattice Defects in Quenched Metals, Academic Press, New York, (1965),
521.

[43] S.Fujikawa, Y.Izeki and K.Hirano: Scripta Metall., 20 (1986), 1275.

[44] F.R Fickett: Cryogenics, 11 (1971), 349.

[45] S.Fujikawa, Y.Nogi and K.Hirano: J. Japan Inst. Light Metals, 29 (1979), 331.

[46] S.Fujikawa and Y.Izeki: Metall. Trans. A, 24A (1993), 277.

[47] K.Osamura, N.Otsuka and Y.Murakami: Phil. Mag. B, 45 (1982), 583.

61



Chapter 4

Microstructure Evolution of Cu Atom Clustering and Kinetics of
Low-Temperature Precipitation in Al-Cu Alloys with Microalloying
Elements

4.1 Introduction

Apart from industrial interests, the formation mechanism and kinetics of Guinier-Preston
zones(GP zones) observed in Al-Cu alloys still attract much attention among scientists
because definitive conclusions have not been reached yet despite a wide prevalence of
Al-Cu base commercial alloys. The first evidence of the zones was independently found in
the late 1930s by Guinier[1] and Preston[2] using different X-ray techniques, and since
then several models for GP zones have been proposed[3-8]. The model by Gerold[5]
describing GP zones as single-layer platelets of Cu atoms coherent with the {100} planes
of the matrix has been widely accepted although the existence of small amounts of multi-layer
GP zones were also reported[9-11]. As for the formation mechanism of GP zones, however,
little is still known because a direct detection of Cu atom clusters, which are rapidly
formed from supersaturated solid solutions prior to GP zones, is significantly difficult
using any available experimental methods. For example, it has been normally regarded that
the activation energy for the nucleation of GP zones is practically almost negligible. As
described in Chapter 6, however, Al-Cu alloys containing substantial amounts of Li are
found to exhibit a distinct stage of the GP(1) zone nucleation with an activation energy of
85.5kJ/mol. A further addition of Mg are also found to decrease the activation energy due
to the heterogeneous nucleation effect with the aid of Mg/Cu/Vacancy complexes. These
results indicate that some additional elements significantly change the nucleation behavior
of GP zones in Al-Cu alloys. Therefore, it is quite important to elucidate the roles of
various additional elements on the formation behavior of GP zones especially from the

nucleation point of view.

On the other hand, many investigations have been reported on the growth kinetics of
GP zones in Al-Cu alloys containing various trace elements[12]. As a consequence of hot
arguments in the early 1970s, it is widely believed that the elements having high binding
energies with vacancies such as Sn, In and Cd markedly retard the growth rate of GP zones
due to the so-called vacancy trapping effect proposed by Kimura et al.[13]. However,

reported binding energies between a solute atom and a vacancy in the dilute Al alloys
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(Table 1.2) are always pointed out to be doubtful because quenching experiments based on
residual electrical resistivities can not follow microstructural changes occurring in alloys
during quenching operation[14-16]. The transition elements having low solubility limits in
Al; e.g. Fe, Mn and Zr, are also well-known to suppress the coarsening rate of GP zones
because of an increased number density of insoluble compounds, which act as vacancy
sinks and/or consumption places of dissolved Cu atoms. Except for the influence of Zr in
dilute Al-Cu-Mg alloys[17], however, no consideration has been given to any effect of
these transition elements in the solution state. As for a small addition of Mg, furthermore,
Entwistle et al. [18] suggested that Al-4mass%Cu alloys containing higher than 0.1mass%Mg
exhibit the enhanced formation of GP zones resulting in an increased hardness because of
the accelerated diffusion of Cu atoms with the aid of mobile Cu/Mg/Vacancy groups.
Wyss et al.[19] also proposed that the acceleration of the GP zone formation in a naturally
aged Al-2.6mol%Cu-0.18mol%Mg alloy is attributed to Mg-Vacancy clusters, which may
enhance the GP zone nucleation by increasing the number of nucleation sites and/or the
frequency of nuclei fermation. However, these proposed mechanisms are recognized to a
lesser extent because of a slightly confusion of both the nucleation and growth behavior of

GP zones.

In order to investigate the formation behavior of GP zones in detail, microstructure
evolution should be followed although it is rather difficult experimentally. A computer
simulation using a reliable model is an alternative powerful method to elucidate microscopic
events occurring in alloys. In particular, the simulation using a Monte Carlo method is
capable of reproducing the atomistic behavior such as the nucleation and growth of precipitates
entirely depending on utilized simulation parameters. Therefore, a theoretical approach
based on characteristic quantities of each element becomes quite effective in predicting the

effects of microalloying elements in Al-Cu alloys.

In this chapter, the effects of third additional elements on the kinetics of the GP zone
formation in an Al-1.8mol%Cu alloy have been experimentally investigated in the
temperature range from 278 to 373K using electrical resistivity measurement. In particular,
the effects of small additional Mg were examined in detail from both viewpoints of the
nucleation and growth of GP zones because the problem relating to the Mg addition is still
under debate. A Monte Carlo simulation using reasonable pair interactions was also performed
to examine the microstructural evolution of Cu atom clusters resulting in the GP zone

formation. Comparisons between the quantitative kinetics determined by the resistivity
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changes and the microstructural evolution directly observed in the simulation give important
information on both the macroscopic transformation kinetics and the microstructural

formation mechanism of Cu clusters in Al-Cu alloys containing various additional elements.

4.2 Experimental procedures

The alloys utilized in this chapter were prepared from high-purity elemental ingots; i.e.
99.99%Al, 99.9%Mg, 99.99%7Zn, 99.9%Ag, 99.9%Sn and 99.999%Si, and master alloys;
i.e. Al-33.3%Cu, Al-18.5%Li and Al-4.77%Zr (in mass%). The melting of these alloys
was carried out under air atmosphere followed by permanent mould casting. The chemical
compositions of the alloys are listed in Table 4.1. The concentrations of impurity elements
such as Fe and Ti are lower than 0.01mass% in all alloys. The elements added to an
Al-1.8%Cu alloy are 0.3%Mg, 0.3%Li, 0.3%Zn, 0.3%Ag, 0.01%Sn, 0.3%Si and 0.05%Zr
(in mol%). For simplicity, an alloy containing a small amount of additional element, x, is

designated as x-added alloy in this chapter.

All the ingots were homogenized at 723K for 36.4ks and rolled down to 1.6mm-thick
sheets through hot- and cold-rolling. Solution treatments were carried out in a salt bath at
793K for 1.8ks followed by water quenching at ~298K. The subsequent aging treatments

were performed at temperatures from 278 to 373K for various aging times. In this work,

Table 4.1 Chemical compositions of the alloys utilized in this chapter (mol%).

Alloys Cu Mg Li Zn Ag Sn Si Zr Al

Al-Cu 174 — - — — — — —  bal
Mg-added 1.83 0.273 — —_— — — —_ —_ bal.
Li-added 1.74 — 0.32 — — — — — bal.
Zn-added 1.75 — — 0297 — — — — bal.
Ag-added 1.75 — — — 0294 — —_ — bal.
Sn-added 1.74 — — — — 0.0068 — — bal.
Si-added 1.85 — — — — — 0325 — bal.
Zr-added 1.79 — — — — — — 0.0485 bal

64



the room temperature designated as RT always stands for ~298K. The above fabrication
process is shown in Fig.2.1. The experiments in this chapter; i.e. electrical resistivity
measurement and transmission electron microscopy, were made in the same manner described

in Chapter 2.

4.3 Effects of microalloying elements

4.3.1. Transmission electron micrographs

Figure 4.1 shows the bright field TEM images with diffraction patterns for the Al-Cu,
Mg-, Si-, Zn-, Ag-, Sn- and Li-added alloys aged at 373K for 604.8ks. The corresponding
diffraction patterns confirm that the structure very finely observed in all micrographs is of
GP(1) zones, which is formed on the {100} planes of the matrix having about 10-20nm in
diameter. The strain field around GP(1) zones indicated by image contrasts is responsible
for the age-hardenability of the alloys due to the precipitate strengthening. Although a
slightly increased diameter is observed in the Mg- and Sn-added alloys, no significant

difference of the precipitate microstructures is detected among the investigated alloys.

4.3.2. Electrical resistivity changes

The electrical resistivity measurement has been commonly made to follow the phase
decomposition behavior occurring in alloys because of both its high sensitivity to
microstructure changes and its capability to be measured from the quite early stage of
aging. Osamura et al.[20, 21] attributed anomalous increases in electrical resistivity during
low-temperature aging in Al-Zn and Al-Cu alloys to the increased Bragg scattering with
increasing size and number density of GP zones. The increments in electrical resistivity
from the as-quenched values during aging at 278K are shown in Fig.4.2 for the Al-Cu,
Mg-, Si-, Zn-, Ag-, Sn-, Zr- and Li-added alloys. From just after quenching all alloys
display a monotonous increase in 0 due to the rapid formation of GP(1) zones, then
gradually decrease to show a maximum resistivity, 0 max. From the comparison between
the rates of resistivity-increase in the early stage of aging, Mg obviously retards the GP
zone formation, which is never reported previously, similarly to the well-known cases of
Sn and Zr.

4.3.3. Quantitative analysis of phase decomposition Kinetics

The retardation of the GP zone formation in the Mg-added alloy is confirmed by the

quantitative analysis using Johnson-Mehl-Avrami equation[22-25]:
y=1—exp[—(kt) ] 4.1
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where n is the power related to the transformation mechanism, and & is the rate constant at

a fixed temperature. In the following analysis, eq.(4.1) is rewritten as below by taking the

logarithms:

InInfl (1 —=y)]=nlnt+ nlnk. (4.2)
In this work, the transformed fraction, y, is defined as

Y =(pt— Po)[(Pmax— Po), (4.3)

where Oc, 0: O max are the resistivities at the as-quenched state, at time 7 and at the
maximum, respectively. The definition represented in eq.(4.3) is sufficiently reasonable
because the electrical resistivity during natural aging in an Al-1.8mol%Cu alloy linearly
increases with increasing average diameter of zones, not integrated intensity related to the
volume fraction of zones[26], as illustrated in Fig.4.3. From the linear relationship indicated
by the straight line, a value of resistivity at arbitrary aging time, 0 4 allows a determination
of the average number of Cu atoms composed in one plate-like zone with the corresponding
diameter, D. Thus, y is considered to be the degree of Cu condensation compared with the

number of Cu atoms inside one zone providing a maximum resistivity, 0 max.

Figure 4.4 shows the variations in Inin[1/(1-y)] with Inz derived from the electrical
resistivity changes in Fig.4.2. The corresponding straight lines through plotted points provide
almost identical tangents; i.e. n=~0.35, indicating that the same decomposition mechanism
works in all alloys. On the other hand, the rate constants, k, for the Mg-, Sn- and Zr-added
alloys are significantly smaller than those for the Al-Cu, Zn- and Ag-added alloys as
revealed by their intercepts on the Inin[1/(1-y)] axis. This implies that small amounts of
Mg, Sn and Zr markedly suppress the GP zone formation, whereas Zn and Ag additions
exert almost no influence on the phase decomposition kinetics of Al-Cu alloys. It is further
shown in Fig.4.3 that the additions of Si and Li also show a weak tendency to suppress the
GP zone formation as previously reported[12]. The similar results are obtained for other

aging temperatures lower than 373K.

In general, the plots of Ink against reciprocal aging temperatures, 1/7, provide an
apparent activation energy for the precipitate formation, Q°, according to the following
relationship:

k= Aexp(~Q’ /RT),
i.e.,
Ink=—(Q"/ RT)+In A, (4.4)

where R is the gas constant, A is a constant containing the jump frequency of vacancies
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and the nucleation frequency of precipitates. From the Arrhenius plots in Fig.4.5, Q" are
determined to be ~54kJ/mol for the Al-Cu, Zn- and Ag-added alloys, 70.8kJ/mol for the
Mg-added alloy and 84.6kJ/mol for the Sn-added alloy, respectively. Although these values
are slightly larger than previously reported activation energies for the growth of GP zones;
e.g. 48.2kJ/mol(0.5eV) for an Al-4mass%Cu alloy and 67.5-77.2kJ/mol(0.7-0.8eV) for an
Al-4mass%Cu-0.025mass%Sn alloy[13], it can be concluded that Mg is also classified to
be an element which markedly retards the GP zone formation as is the well-known case of
Sn. However, two questions still remain unsolved; i.e. which stage of nucleation and
growth attributes to the retardation of the GP zone formation and why contradictory
results[18, 19] were reported on the effect of Mg addition. Monte Carlo simulation is

likely capable of providing alternative useful suggestions to them.

4.4. Simulated microstructures
4.4.1. Derivation method of parameters
In general, phase decompositions after quenching from the solid solution range to a
two-phase field can be divided into two categories; i.e. clustering and ordering reactions.
The ordering parameter based on a pair interaction model;
V.=g,—(g,+¢,)02 (4.5)
can predict which reaction of the two actually occurs in the supersaturated solid solution.

Here, ¢ , € ,and &  are pair interactions between different atom species, i-j, and same

»
atom species, i-I and j-j, derived in Chapter 3. In the case of V, >0 the alloy exhibits a
tendency to form solute atom clusters in the solvent matrix, whereas in the case of V<0
the alloy is inclined to form intermetallic compounds consisting of the constituent elements.
As represented in the equilibrium phase diagram, the Al-Cu system is obviously classified
in the latter group resulting in a negative ordering parameter between Al and Cu atoms. As
for the formation of metastable GP zones in Al-Cu alloys, however, the former clustering
reaction should be applied because GP zone is widely believed to comprise Cu atoms only.
Therefore, it is quite natural to estimate the simulation parameter between Al and Cu
atoms by utilizing the metastable phase diagram of the Al-Cu system, which is symmetrically
balanced between the solid solution of Al and GP zones of ~100% Cu atoms at low
temperatures. The utilized simulation parameters for Al-Cu alloys containing various third
additional elements are summarized in Table 4.2. Note that only nearest neighbor interactions
are taken into account and all parameters have positive values because of the pair interaction

model under a regular solution approximation.
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Fig.4.5 Arrhenius plots of In k values against
reciprocal aging temperatures for the Al-Cu
alloys containing various additional elements.
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4.4.2. Precipitate morphologies

Figure 4.6(a)-(c) illustrates the evolution of Cu atom distributions on one atom layer of
the (001) plane in the Al-Cu alloy simulated at 273K. The utilized simulation program is
described in Appendix. At the beginning of the simulation, Cu atoms indicated by black
circles are homogeneously distributed throughout the Al matrix indicated by yellow circles,
then gradually constitute the extensive volume fraction of Cu clusters due to a positive
value of € . In this simulation, the morphology of Cu clusters are not disk-shaped but
unshaped close to spherical, unlike actual GP zones observed in Al-Cu alloys, because the
elastic effect induced by the difference in atomic radii between Al and Cu atoms is not
considered. This simplification, however, is reasonable enough because three-dimensional
Cu atom clusters are reported to be actually observable prior to the formation of plate-like
GP zones on high resolution lattice images of an Al-1.6mol%Cu alloy[27, 28]. Another
reason for the simplification is that the GP zone formation is believed to be governed by
the rate of the diffusion-controlled growth rather than that of the interface-controlled
growth. In fact, the obtained Q" value for the Al-Cu alloy; i.e. ~54kJ/mol, supports the
diffusion-controlled reaction because the value is well in agreement with previously reported
activation energies for the migration of vacancies, 42-67kJ/mol[29-33]. Therefore, the
difference in the shape of Cu clusters is considered to play no noteworthy part here in the

kinetics of the GP zone formation.

Table 4.2 Ordering parameters utilized in the simulation of Al-Cu alloys containing
various third additional elements, X (in kJ/mol). It should be noted that only nearest
neighbor interactions are taken into account.

Third additional elements, X

Cu Mg Li Zn Ag Sn Cd In

Al 2.20 1.18 1.53 0.992 1.29 3.71 4.34 4.88

Cu — 0.500 0.709  1.03 2.40 1.54 2.29 1.58

Vacancy  0.860 -850 -650 -229 216 950 -653 -164

Viv
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Fig.4.6 Dynamical evolution of solute atom distributions on one atom layer
of (001) plane during 273K simulation of Al-Cu alloy for 1TMCs(a), 1X10°
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4.4.3. Variations in structural parameters

(a) Residual solute concentration in the matrix

As a typical example of the effects of third additional elements, Fig.4.7 shows variations
in residual solute concentrations in the Al matrix, Cs, during dynamical evolution for the
Al-Cu, Ag- and Mg-added alloys simulated at 273K. Although the incidental formation of
dimer and trimer clusters slightly decreases the initial solute concentrations, net Cu
concentrations are almost identical in the three alloys. As Monte Carlo step(MCs) proceeds,
however, the Ag—added alloy displays a monotonous decrease in the residual Cu concentration
at the same rate as the Al-Cu alloy, whereas the Mg-added alloy exhibits an obvious
retardation of Cu atom clustering. The similar simulation results are obtained for other
alloys; i.e. the elements having larger ordering parameters with a vacancy, Vv-x, such as Zn,
Ti, Co, Fe and Cr are classified in the former group, whereas the elements having smaller
W-x such as Li, Sn, In and Cd in the latter one. This classification is clearly illustrated
along the vertical axis in Fig.4.8 and is well consistent with the experimental results
previously reported[12] as summarized in Table 4.3. As for the contradictory effects of Mg
in Table 4.3, it can be concluded from the obtained results that a small amount of Mg
affects to suppress the formation of Cu clusters as is the well-known cases of Sn, In and
Cd. The retardation of the Cu cluster formation by Mg addition is simply explained in
terms of the so-called vacancy-trapping effect proposed by Kimura et al.[13]. Figure 4.9
shows the variations in the average number of nearest neighbor Ag or Mg atoms around
one vacancy during the simulations of the Ag- and Mg-added alloys. The increased formation
of Mg-Vacancy pairs in the Mg-added alloy suggests the decreased diffusion rate of Cu
atoms due to the preferential vacancy trapping by Mg atoms. Such situations can be

frequently observed in atom configurations during the simulation.

(b) Number density and average size of clusters

Figure 4.10 shows the variations in number density, N, and average size, n, of clusters
during dynamical evolution of the Al-Cu, Ag- and Mg-added alloys simulated at 273K.
The difference in the initial NV values between the Al-Cu and the ternary alloys arises from
the formation of dimer and trimer clusters containing Ag or Mg atoms which are formed
by chance at the beginning of the simulation. With increasing Monte Carlo step(MCs), N
of the Mg-added alloy increases more slowly than those of the Al-Cu and Ag-added alloys,
then gradually decreases to show a higher maximum due to the competitive growth among
clusters. The average size of Cu clusters is significantly smaller in the Mg-added alloy than

those of the Al-Cu and Ag-added alloys. The similar simulation results are obtained in
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Fig.4.8 Relationships between Vv-x and Vcu-x for various
elemental atoms, x (Vv-x :ordering parameter between a
vacancy and a x atom, Vcu-x :ordering parameter between
Cu and x atoms).
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other alloys; i.e. Zn, Ti, Co, Fe and Cr have almost no effect to change the microstructure
evolution of Al-Cu alloys, whereas Sn, In, Cd and Li are regarded as the elements which

markedly suppress the growth rate of Cu clusters.

(c) Partitioning behavior of additional elements

As for the partitioning behavior of third additional elements, however, the Mg-added
alloy alone forms the extremely increased number density of Mg-containing clusters
compared with other alloys, as suggested by the higher decreasing-rate of the residual Mg
concentration in Fig.4.7. This can be seen more clearly in Fig.4.11, which shows the
variations in the average number of nearest neighbor Cu atoms around either one Mg atom
or one Ag atom during the simulations of the Ag- and Mg-added alloys. The increased
number of Mg-Cu pairs in the Mg-added alloy suggests that a small amount of Mg in
Al-Cu alloys significantly affects the nucleation behavior of GP zones, for example, due to
the heterogeneous nucleation effect. The combined consideration with the preferential
partitioning of vacancies next to Mg atoms(Fig.4.9) results in the formation of Mg/Cu/
Vacancy complexes in the Mg-added alloy. In fact, these Mg/Cu/Vacancy complexes are
frequently observed during the simulation as illustrated in the solute atom distribution of
the Mg-added alloy simulated at 273K for 5X 10°MCs (Fig.4.6(d)). Note that Mg atoms,
indicated by red circles, have a strong tendency to coexist with Cu atoms inside clusters
due to the high Cu-Mg interaction. This tendency is smaller in the Li-, Zn-, Sn- and
In-added alloys and smallest in the other alloys, as suggested by ordering parameters

between Cu and the elemental atoms, VcCu-x, in Fig.4.8 (see along the horizontal axis).

4.5 Comparison between experimental and Monte Carlo simulation results

In general, changes in electrical resistivity during the GP zone formation are believed
to take place by the superimposition of the increases in size and number density of zones
and the decrease in residual solute concentrations in the matrix. From structural parameters
obtained in the simulation, therefore, the calculated increments in electrical resistivity, A
0 ..» can be estimated using eq.(3.13). Except for the Zn-added alloy, the changesin A o,
illustrated in Fig.4.12 are well consistent with experimentally measured changes in Fig.4.2.
Although the cause of the discrepancy in the Zn-added alloy is not fully understood, one of
probable reasons is a change of the function g(n) due to the addition of third elements. In
fact, Hiraoka et al.[34] reported that a scattering power of one GP zone in Al-Zn alloys is

slightly changed by third additional elements. As far as the other alloys are concerned,
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however, the following tendencies are revealed from the simulation results obtained in this
work. A small addition of Ag to Al-Cu alloys exerts no marked influence on the formation
kinetics of GP zones due to no significant interaction between Ag and Cu atoms, as
revealed by the similar microstructure evolution to the Al-Cu alloy. On the other hand,
additions of Mg, Sn and Li markedly decrease the growth rate of GP zones because of the
so-called vacancy trapping mechanism[13], resulting in a slower increase in electrical
resistivity. Only in the Mg-added alloy, however, the extremely increased number density
of clusters containing Mg atoms (and/or some vacancies) are formed due to the considerably
high Cu-Mg interaction. This implies that a small amount of Mg in Al-Cu alloys significantly
affects the nucleation behavior of GP zones, for example, due to the heterogeneous nucleation
effect with the aid of Mg/Cu/Vacancy complexes. This effect is more clearly revealed in

the case of Al-Cu alloys containing substantial amounts of Li as described in Chapter 6.

4.6 Conclusions

The effects of third additional elements on the formation behavior of GP zones were
investigated for an Al-1.8%Cu (in mol%) alloy aged at temperatures from 278 to 373K.
The elements added to the binary alloy are 0.3%Mg, 0.3%Si, 0.3%Zn, 0.3%Ag, 0.3%Lli,
0.05%Zr and 0.01%8Sn (in mol%). Comparisons between the quantitative kinetics determined
by the electrical resistivity changes and the microstructure evolution during the Monte
Carlo simulation give important information on both the macroscopic transformation behavior

and the detailed formation mechanism of Cu clusters. The obtained results are as follows:

(1) Small additions of Mg and Li to Al-Cu alloys markedly retard the GP zone formation
as is the well-known case of Sn. This is because that these additional atoms preferentially
trap free-vacancies available for Cu diffusion to form clusters; i.e. the so-called vacancy-
trapping mechanism, due to their relatively high interactions with vacancies. Such situations

can be frequently observed in atom configurations during the simulation.

2) In contrast, additions of Ag and Zn exert no marked influence on the kinetics of the
GP zone formation in Al-Cu alloys. This is explained by no significant interactions between
these elemental atoms and Cu atoms, resulting in the similar microstructure evolution of

Cu clusters to that in the binary alloy.

(3) Only in the Al-Cu alloy containing Mg, however, the extremely increased number
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density of clusters coritaining Mg atoms (and/or some vacancies) are observed during the
simulation. This implies that a small amount of Mg in Al-Cu alloys significantly affects
the nucleation behavior of GP zones, for example, due to the heterogeneous nucleation

effect with the aid of Mg/Cu/Vacancy complexes.
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Chapter 5

Microstructure Evolution of Li Atom Ordering and Kinetics of Low-
Temperature Precipitation in Al-Li Alloys with Microalloying
Elements

5.1 Introduction

Al-Li base alloys have been received considerable attention as a new light material in
the 21st century because of their excellent combination of high specific strength and low
density. These properties are of great interest particularly to aerospace, aviation, automobile
and high-speed transportation industries where weight reduction is significantly important.
The high strength of Al-Li alloys is primarily achieved by the precipitation of the metastable
0 ’ phase, which is homogeneously formed in a spherical morphology prior to the equilibrium
0 (AlLi) phase. The 0§’ phase has a Ll2-type ordered structure coherent with the Al
matrix with the composition of AI3Li. Deformation behavior of the Al-Li alloys strengthened
by the 0 ’ phase is generally accepted in the following manners. In the under-aged condition,
0’ particles are cut by pair moving dislocations (i.e. superlattice dislocations) so that the
passage of the second dislocation can compensate the increased anti-phase boundary (APB)
energy formed by the passage of the first one. In the over-aged condition, on the other
hand, dislocations move away by the by-pass mechanism leaving Orowan loops at the ¢’
particles. These results indicate that the coherent strain and APB energies are extremely
essential to improve the mechanical properties of Al-Li alloys. The additions of third
elements are quite effective to change these properties, for example, as is the well-known
case of the 7’/ v misfit modification by various transition elements in Ni base superalloys.
Baumann er al.[1] reported that small additions of Ag and Zn increase both the 0’/ &
(matrix) lattice misfit and the 0 ’ solvus temperature because of the preferential partitioning
of these elements within the 0’ phase. Sato et al.[2] also investigated the 0’ phase
stability of the Al-Li alloys containing Ag, Au and Mg and concluded that the preferential
partitioning of these additional elements inside the & ° phase markedly affects to increase
both the solvus temperature and coarsening rate of the particles. In the early stage of aging,

however, little is known about the effects of additional elements to Al-Li alloys.
As for the phase decomposition sequence of Al-Li alloys, a somewhat complicated

behavior is observed in supersaturated solid solutions during aging. In general, phase

decompositions in quenched alloys can be divided into two categories; i.e. clustering and
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ordering processes. The ordering parameter V, based on a pair interaction model is usually
utilized to describe which process takes place in the supersaturated solid solution. If V, >0,
the alloy exhibits a tendency toward clustering or else (i.e.V,<{0) toward ordering. In the
case of Al-Li alloys, however, the simultaneous reaction of clustering and ordering processes
has been suggested to take place. Khachaturyan er al.[3] made a theoretical investigation
on the precipitation paths of quenched Al-Li alloys using a mean-field thermodynamic
model. Their theoretical analysis predicts that disordered solid solution congruently orders,
then decomposes into two ordered regions with different Li concentrations by either a
secondary spinodal iechanism or a classical nucleation and growth process. As a
consequence of the decomposition process, the final microstructure consisting of ordered
0’ particle and the disordered matrix is achieved because Li-lean regions eventually
disorder due to the instability with respect to the composition and/or the degree of order.
The free energy change during the phase decomposition process is schematically illustrated
in Fig.5.1. Chen et al.[4, 5] investigated in-situ decomposition paths of Al-Li binary alloys
by simultaneous measurements of small-angle X-ray scattering (SAXS) intensities and
X-ray diffraction (XRD) intensities of superlattice reflections using a synchrotron radiation.
Their experimental results revealed that congruent ordering precedes decomposition because
in the quite early stage of aging (e.g. 0.2s aging at 458K) only XRD {100} superlattice
reflections emerged, whereas no noticeable SAXS scattering intensity could be detected.
Sato et al.[6] directly observed uniformly developed ordered structures in the as-quenched
state and ordered domains separated by disordered regions in the subsequent aging stage
using high resolution electron microscopy. The proposed phase decomposition sequence
by Khachaturyan ez al.[3], therefore, appears to be sufficiently probable. The similar
reactions are reported to be observable in the Fe-Al[7], Fe-Be[8, 9] and Cu-Zn[10] systems.
Such simultaneous reactions of clustering and ordering processes can be interpreted by an
extended pair interaction model[11, 12], in which pair interactions between second nearest
neighbor atoms are taken into account in addition to those between nearest neighbor
atoms. Under this model, the most stable atomic configuration becomes a mixture of
ordered structures in the disordered matrix if nearest and second nearest neighbor interactions
have negative and positive values, respectively. Therefore, a Monte Carlo simulation using
the extended pair interaction model[11, 12] is considered to be sufficiently effective to
investigate the phase decomposition behavior of Al-Li alloys containing various additional

elements.

In this chapter, the effects of third additional elements on the kinetics of the low-
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temperature precipitation in an Al-5.3mol%Li alloy have been experimentally investigated
in the temperature range from 278 to 373K using electrical resistivity measurement. The
measured resistivity changes are well correlated with each stage of the previously reported
phase decomposition sequence in Al-Li alloys. A Monte Carlo simulation, in which pair
interactions between up to second nearest neighbor atoms are taken into account, was also
performed to examine the microstructure evolution of ordered structures resulting in the
0’ phase. Comparisons between the quantitative kinetics determined by the resistivity
changes and the microstructure evolution directly observed in the simulation can make
clear the relationship between the macroscopic transformation kinetics and the microstructural

formation mechanism of the 0 ’ phase in Al-Li alloys containing various additional elements.

5.2 Experimental procedures

The alloys utilized in this chapter were prepared from high-purity elemental ingots; i.e.
99.99%Al, 99.9%Mg,_99.9%Ag and 99.999%Si, and master alloys; i.e. Al-18.5%Li and
Al-33.3%Cu (in mass%). The melting of these alloys was carried out under Ar gas atmosphere
followed by permanent mould casting. The chemical compositions of the alloys are listed
in Table 5.1. The concentrations of impurity elements such as Fe and Ti are lower than
0.01mass% in all alloys. The elements added to an Al-(7.8-9.5)%L.i alloy are 0.25%Cu,
0.25%Mg, 0.25%Ag and 0.3%Si (in mol%). For simplicity, an alloy containing a small

amount of additional element, x, is designated as x-added alloy in this chapter.

All the ingots were homogenized by two steps at temperatures in Table 5.2 and fabricated
to 1.6mm-thick sheets through hot- and cold-rolling. Solution treatments were carried out
in a salt bath at 793K followed by water quenching at ~298K. For Al-Li base alloys,
various solution-treatment times were applied in order to adjust Li concentrations in the
matrix because the significant difference in residual Li concentrations is inevitably induced
among the alloys during the above preparation process. The success of such the adjustment
treatment can be quantitatively verified from as-quenched values of the electrical resistivity
by assuming that the concentrations of third additional elements remain unchanged through
the fabrication process as those of the ingots in Table 5.1. This treatment is quite effective
in investigating the true effect of third additional elements in Al-Li alloys containing
equivalent Li concentrations. The subsequent aging treatments were carried out at
temperatures from 278 to 473K for various aging times. In this work, the room temperature

designated as RT always stands for ~298K. The above fabrication process is shown in

91



Table 5.1 Chemical compositions of the alloys utilized in this chapter (mol%).

Alloys Li Cu Mg Ag Si Al
Al-Li 7.87 — — — — bal.
Cu-added 8.58 0.235 — — —_— bal.
Mg-added 9.50 — 0.289 — —_ bal.
Ag-added 8.00 — — 0.261 — bal.
Si-added 8.73 — — — 0.332 bal.

Table 5.2 Conditions of homogenization treatment applied to each alloy.

Alloys Homogenization Step 1 Homogenization Step 2
Al-Li 773K, 172.8ks —

Cu-added 778K, 86.4ks 793K, 86.4ks
Mg-added : 778K, 86.4ks 793K, 86.4ks
Ag-added 778K, 86.4ks 793K, 86.4ks
Si-added 793K, 172.8ks 848K, 86.4ks
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Fig.2.1. The experiments in this chapter; i.e. electrical resistivity measurement and

transmission electron microscopy, were made in the same manner described in Chapter 2.

5.3 Effects of microalloying elements

5.3.1 Transmission electron micrographs

As a typical example, Fig.5.2 shows the dark field TEM micrographs showing the
well-developed 0’ phase for the Al-Li, Mg- and Ag-added alloys aged at 473K for
345.6ks. In all alloys, spherical particles with the average size of ~30nm are observed
distributing homogeneously throughout the Al matrix. Some 0’ particles are observed as
if they are in contact with each other, however, these particles are probably separated
toward the Z direction (thickness direction) of the specimen. Although the change in the
precipitate number density between the three alloys may indicate a somewhat effect of
small additional Mg or Ag, it is impossible to discuss the tendency in detail because of a

scatter of the obtained TEM microstructures.

5.3.2 Electrical resistivity changes

In order to verify whether the adjustment of Li concentrations among the investigated
alloysisachieved or not, as-quenched values of the electrical resistivity, 0 o, are quantitatively
estimated by assuming that the concentrations of third additional elements remain unchanged
through the fabrication process as those of the ingots in Table 5.1. Table 5.3 shows both
values of experimentally measured 0o and the corresponding residual Li concentration,
Cs, in the as-quenched Al-Li, Cu-, Mg-, Ag- and Si-added alloys. The contributions to
electrical resistivity by 1mol% residual solute atoms in Al are adopted to be previously
reported values in Table 3.8. By adjusting solution-treatment times, almost identical values
of Cs are obtained around 5.3mol% among all alloys. This adjustment treatment, therefore,
is quite effective in investigating the true effect of third additional elements in the Al-Li
alloys containing equivalent Li concentrations. Figure 5.3 illustrates the increments in
electrical resistivity from as-quenched values during aging at 278K for the Al-Li, Cu-,
Mg-, Ag- and Si-added alloys. From just after quenching all alloys display a two-stage
increase in 0 without any incubation time due to the rapid formation of low-temperature
precipitates in Al-Li alloys, as previously reported at aging temperatures below 383K[6,
13]. This two-stage increase suggests that several structural changes occur during phase
decomposition in Al-Li alloys. As for the effects of third additional elements, furthermore,

the Mg-added alloy alone reveals a tendency to retard the decomposition rate of Al-Li
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Table 5.3 As-quenched values of electrical resistivity , 0 o, and corresponding
Li concentration, Cs , for each alloy.

Alloys Subsequent aging | As-quenched electrical Corresponding Li
temperature, Ta /K| resistivity, po/nQm |concentration, Cs / mol%

278 4775 5.45
Al-Li 323 46.4 5.29
373 4721 5.38
278 49.66 5.45
Cu-added 323 47.13 5.15
373 48.01 525
278 49.83 5.54
Mg-added 323 48.77 541
373 47.58 527
278 50.71 5.38
Ag-added 323 48.62 5.13
373 50.98 5.42
278 49.46 5.39
Si-added 323 47.51 5.15
373 48.71 5.30
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Fig.5.3 Increments in electrical resistivity from as-
quenched values during aging at 278K for the Al-Li
alloys containing various additional elements.
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alloys, as suggested in the early stage of aging in Fig.5.3. The similar result is obtained for

other aging temperatures lower than 373K.

5.3.3 Quantitative analysis of phase decomposition kinetics
The detailed quantitative analysis of the phase decomposition kinetics in Al-Li alloys
containing various additional elements was made using Johnson-Mehl-Avrami equation in
eq.(4.1). Figure 5.4 illustrates the variations in Inln[1/(1-y)] with Inz derived from the
electrical resistivity changes at 278K in Fig.5.3. All the investigated alloys obviously
possess two separated stages, which are represented by two straight lines having different
tangents n, during the electrical resistivity changes. These stages are well associated with
the phase decomposition sequence in Al-Li alloys proposed by Khachaturyan et al. [3]; i.e.
(D Decomposition stage of uniformly ordered structures into two ordered phases:
i.e. Li-rich and Li-lean phases, by either a secondary spinodal mechanism or a
classical nucleation and growth process
and
(2 Simultaneous stage of both the decomposition of the Li-rich phase into the §°
phase, in which the composition and the degree of order have increased, and the
subsequent growth of the 0’ particles,
respectively. In fact, at the corresponding aging time to each stage, Sato et al.[6] directly
observed uniformly developed ordered structures and the subsequent ordered domains
using high resolution electron microscopy. These precipitates are generally regarded as
precursory structures of the 0’ phase, resulting in the two-stage increase in electrical
resistivity changes. It is further shown in Fig.5.4 that a small amount of Mg significantly
suppresses the formation of low-temperature precipitates in Al-Li alloys, as revealed by a
smaller rate constant k obtained from its intercept on the Inln[1/(1-y)] axis. Therefore, the
Mg-added alloy alone can exhibit a stage of congruently ordering throughout the Al matrix
- as represented by a broken straight line in Fig.5.4. The first experimental detection of the
congruent ordering stage is entirely attributed to the slower phase decomposition rate
caused by a relatively low Li concentration(~5.3mol%), low aging temperature(278K)
and small addition of Mg. Si also has a similar but smaller effect compared with Mg,
whereas Cu and Ag exert almost no influence on the decomposition rate of Al-Li alloys.
In the same manner as Al-Cu alloys in Chapter 4, rate constants k for the first
increasing stage are Arrhenius-plotted against reciprocal aging temperatures, 1/7, in order
to evaluate apparent activation energies, Q°, for the low-temperature precipitation in the

investigated Al-Li base alloys. The slopes of the corresponding straight lines in Fig.5.5
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give the values of Q" to be ~40kJ/mol for the Al-Li, Cu- and Ag-added alloys, 46.2kJ/mol
for the Si-added alloy and 54.5kJ/mol for the Mg-added alloy, respectively. These values
are extremely smaller than previously reported activation energies in the early stage of
low-temperature aging; e.g. 67.5kJ/mol for an Al-6.25mol%Li alloy[13] and 67.3kJ/mol
(0.7eV) for an Al-6.72mol%Li alloy[14]. This significant discrepancy is presumably
attributed to the difference in the Li concentrations between the alloys utilized in this work
(i.e. Al-53mol%L.i) and in the previously performed studies[13, 14]. In fact, Shaiu et
al.[4] pointed out a fairly strong compositional dependence of the activation energies
because activation energies for the growth of the J° phase were assessed to be
103.5kJ/mol(21.5kcal/mol) for an Al-7mol%L.i alloy and 143.0kJ/mol (29.7kcal/mol) for
an Al-12mol%Li alloy. From the above estimated activation energies, however, it can be
qualitatively concluded that a small addition of Mg or Si retards the formation rate of

low-temperature precipitates in Al-Li alloys.

5.4. Simulated microstructures

5.4.1 Derivation method of parameters

As for the simulation of ordering processes, both nearest and second nearest neighbor
interactions are taken into account for the calculation of AE values, unlike the case of the
simulation of clustering processes in Chapter 4. In general, phase decompositions of quenched
alloys can be divided into two categories; i.e. clustering and ordering processes. The
ordering parameter V based on a pair interaction model,

ijsij——(qi+ejj)/2 (5.1)

is usually utilized to describe which process occurs in the supersaturated solid solution. If
V, >0 the alloy exhibits a tendency toward clustering or if V,<0 that toward ordering.
Here, ¢ , € ,and &  are pair interactions between different atom species and same atom
species derived in Chapter 3. In the case of Al-Li alloys, however, the simultaneous
reaction of clustering and ordering processes is reported to take place. Ino[12] took into
account two types of pair interactions with opposite signs between nearest and second

nearest neighbor atoms,
Vl.'jl.—_gl.lj—(el.‘i +ejl.j)/2<0 52
Vi=gl—(e2+£2)/2>0 '

in order to explain microstructures consisting of both B2-type ordered regions and
compositional modulated regions observed in an Fe-23mol%Be alloy[9]. The negative

nearest neighbor interaction, V!, contributes in forming the ordered structures, whereas the
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positive second nearest neighbor interaction, V7, contributes in decomposing into two
regions of varying Be concentrations. The extended pair interaction model[11, 12], therefore,
appears to be applicable enough to the phase decomposition of Al-Li alloys. In this work,
the nearest neighbor interaction between Al and Li atoms was estimated from the heat of
solution, A H’, by Miedema’s semi-empirical formula[15] together with the cohesive energies
of pure metals. Figure 5.6 shows ordering parameters between nearest neighbor Al and j
atoms, V!, against those between nearest neighbor j atoms, V. Here, the values of V, /

are calculated from

V. =(E" +E, +AH) 2 (5.3)

Al-j
because the following equation can be assumed when 1mol% solute elemental atoms, j ,

are substantially solved in a solvent, i, at infinite dilution;

(z,/2)e,+(z;/12)e ;= 78, —AH'. (5.4)

v
The straight line (V,,'=0) in Fig.5.6, at which the state of supersaturated solid solutions is
most stable, divides all elements j into two categories; i.e. the elements forming ~100%j
atom clusters in Al (V,,/ >0) and the elements having intermetallic compounds with Al
(V.. <0). It should be emphasized that this classification completely corresponds to actual
equilibrium phase diagrams for Al-j binary alloys. The utilized simulation parameters for
Al-Li alloys containing various third additional elements are summarized in Table 5.4.
Note that only parameter between nearest neighbor Al and Li atoms has a negative value
of -1.17kJ/mol, whereas other ones using a regular solution approximation are positive.
This set of parameters for nearest and second nearest neighbor Al and Li atoms is quite
close to that for phase diagram calculation of the Al-Li binary system using the cluster
variation method (CVM)[16, 17]; i.e. V,,'=-1.75k]/mol (-210kB) and V,,,*=0.873kJ/mol
(105kB) (kB is Boltzman’s constant). Therefore, the utilized simulation parameters in this

work; V,,,.'=-1.17kJ/mol and V.

o =0.669kJ/mol, are sufficiently reasonable to describe the

phase decomposition of Al-Li alloys.

5.4.2. Precipitate morphologies ,

Figure 5.7(a)-(c) illustrates atom configurations on consecutive three layers normal to
the [001] direction in the Al-Li alloy simulated at 273K for 5X 10°MCs. Unlike the case of
Al-Cu alloys in Chapter 3, L12-type ordered structures are formed throughout the Al
matrix, indicated by yellow circles, with a high number density of the precipitates. The
ordered structures are composed of alternately arranged Li atoms, indicated by purple

circles, along the [100] and [010] directions on one (001) layer and sandwiched between
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the regions consisting of only Al atoms on its upper and lower layers. The morphology of
the ordered structures are almost close to spherical, which is well consistent with that of
the O’ phase observed in Al-Li alloys. As for the simulation of Al-Li alloys, therefore, the
simplified simulation model by ignoring elastic effects of precipitates is sufficiently
reasonable because the difference in lattice parameters between the fcc Al matrix
(a=0.40496nm) and the 0’ phase(a=0.401-0.4038nm) is quite small.

5.4.3. Variations in structural parameters

(a) Short-range order parameters

In the case of the phase decomposition with ordering, the degree of order as well as the
composition also changes during aging. In this work, the degree of short-range order
(SRO) was quantitatively estimated from the neighborhood relationship around atoms. In
general, the Warren-Cowley SRO parameter for i th neighbor, s, in an A-B binary alloy is
defined as follows[18, 19];

s;=1-(P* Ic,) (5.5
where P,*% and ¢, denote both the conditional probability of finding B atoms at ith neighbor

positions when there is an A atom at the origin and the atomic fraction of B atoms in the

alloy. If A and B atoms are completely ordered in the alloy, s, is identically unity, whereas

Table 5.4 Ordering parameters utilized in the simulation of Al-Li alloys containing various

third additional elements, X (in kJ/mol). The values in upper and lower columns represent
ones between nearest and second nearest neighbor atoms, respectively.

Third additional elements, X

Li Mg Cu Zn Ag Cd Au In

Al Ve -L17 118 220 0992 129 434 474 488
Vg2 0669 0516 0963 0434 0564 190 207 214
Li Ve — — 132 079 130 . 0814 0867 149  1.95
Viux? ~— 0578 0346 0569 0356 0379 0652 0853

Vacancy Vovx -6.50 -850 0.860 -2.29 2.16 -6.53  -280 -l64

Vv
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the case of s, =0 represents the statistical arrangement of these atoms. In this work, the
SRO parameters up to the second nearest neighbors are followed during dynamical evolution
for the Al-Li alloy simulated at 273K as illustrated in Fig.5.8. Itis seen that s, monotonously
decreases, which means that incidentally formed nearest neighbor Li pairs rapidly dissolve,
whereas 5, obviously displays a two-stage increase; i.e. early rapid increasing stage and the
subsequent saturated stage. These stages presumably correspond to both the decomposition
stage of uniformly ordered structures into two ordered regions and the subsequent growth
stage of Li-rich regions, respectively. This classification is in agreement with experimental
results of electrical resistivity changes in Section 5.3.3. Under this simulation model,

unfortunately, the stage of congruent ordering could not be reproduced.

(b) Residual solute concentration in the matrix

As a typical example of the effects of third additional elements, Fig.5.9 shows the
variations in residual solute concentrations in the Al matrix, Cs, during dynamical evolution
for the Al-Li, Cu- and Mg-added alloys simulated at 273K. Although the incidental formation
of clusters containing more than seven solute atoms slightly decreases the initial solute
concentrations, net Li concentrations are almost identical in the three alloys. With increasing
Monte Carlo step(MCs), however, the Cu-added alloy displays a monotonous decrease in
the residual Li concentration at the same rate as the Al-Li alloy, whereas the Mg-added
alloy exhibits an obvious retardation of Li atom segregation. The similar simulation results
are obtained for other alloys; i.e. Ag, Zn and Au are classified in the former group,
whereas Cd and In in the latter one. This classification is entirely ascribed to the utilized
ordering parameters with a vacancy, Vv-x, as suggested along the vertical axis in Fig.5.10.
Table 5.5 summarizes the comparison between experimental results obtained from electrical
resistivity measurement and theoretical ones based on the Monte Carlo simulation. Not
only good agreement between them but also first prediction for previously never reported
elements is a most important result obtained in the present thesis. The pronounced retardation
of the low-temperature precipitation in Al-Li alloys by Mg, Cd and In additions is simply
explained in terms of the decreased diffusion rate of Li atoms due to the preferential
vacancy trapping by these additional atoms. Such situations can be frequently observed in
atom configurations during the simulation. Even in Al-Li alloys, therefore, Mg, Cd and In
are regarded as the elements showing the vacancy-trapping effect[20], as well as the case

of Al-Cu alloys containing these elements in Chapter 4.

(¢) Number density and average size of ordered structures
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Figure 5.11 shows the variations in number density, N, and average size, n, of ordered
structures during dynamical evolution of the Al-Li, Cu- and Mg-added alloys simulated at
273K. The difference in the initial N values between the Al-Li and the ternary alloys arises
from clusters containing third additional elements which are formed by chance at the
beginning of the simulation. As Monte Carlo step(MCs) proceeds, the Mg-added alloy
exhibits the slower increase in N than the Al-Li and Cu-added alloys resulting in an
almost identical maximum to the other alloys. As for the average size of ordered structures,
on the other hand, no considerable effect on the microstructure evolution of the Al-Li alloy
is detected in both the Cu- and Mg-added alloys. The similar simulation results are obtained
for other additional elements; i.e. Ag, Zn and Au have almost no influence on the phase
decomposition behavior of Al-Li alloys, whereas Cd and In slightly decrease the increasing-
rate in the number density of ordered structures. This retardation by the Mg, Cd and In

additions is well described in terms of their vacancy trapping effects[20].

(d) Partitioning behavior of additional elements

Even for the investigation of the partitioning behavior of third additional elements, the
Monte Carlo simulation utilized in this work is quite available. The decreasing-rate of
residual solute concentrations of third additional elements in Fig.5.9 obviously suggests
that Cu has a strong tendency toward preferential partitioning within ordered structures
compared with Mg. Ag and Cd additions also have the similar tendency as suggested by
smaller ordering parameters with Li atoms, VLi-x, along the horizontal axis in Fig.5.10. This
tendency of Ag is well in agreement with experimental results using energy dispersive
X-ray spectroscopy (EDS)[1, 2]. Recently, Hosoda et al.[21] predicted preferential
substitution sites of various additional elements within the 0’ phase based on the relative
internal energy in the pseudo-ground state. According to their theoretical results, Ag, Zn,
Cd, Au, In and Au occupy Al-sites, whereas other transition elements Li-sites, at
offstoichiometric compositions where Li concentrations are lower than 25mol%. The
straightforward calculation using simulation parameters in Table 5.4 can also give the
quantitative estimation of preferential substitution sites of third additional elements. Table
5.6 shows the comparison of total binding energies up to second nearest neighbors around
one third additional atom, which occupies Al- or Li-site within the 0’ phase, respectively.
It should be noted that the substitution behavior estimated from the utilized simulation
parameters is well consistent with the theoretical prediction by Hosoda et al. [21] except
for the case of Zn addition. Such the substitution behavior can be directly observed in atom

configurations during the simulation. As a typical example, the atom configuration on one
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Table 5.6 Total binding energies up to second nearest neighbor atoms around

one third additional atom, X , which occupies Al- or Li-site within the '

phase. Comparisons with theoretical prediction by Hosoda et.al {21] are also

listed.
Third additional elements, X
Mg Cu Zn Ag Cd Au In
Al-site 18.9 40.5 18.2 13.2 21.8 30.3 36.2
Li-site 17.6 34.0 153 17.6 54.4 60.8 63.7
This work Li-site Li-site Li-site Al-site Al-site Al-site Al-site
Hosoda et. al Li-site Li-site Al-site Al-site Al-site Al-site Al-site
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(001) plane of the Ag-added alloy is illustrated in Fig.5.7(d). Note that Ag atoms indicated
by red circles have a strong tendency to occupy Al-sites within the 0’ phase due to the
decreased total binding energy in Table 5.6. The preferential partitioning of additional
elements may affects the nature of low-temperature precipitates in Al-Li alloys; e.g. the

thermal stability and/or lattice misfit with the Al matrix.

5.5 Comparison between experimental and Monte Carlo simulation results

Similarly to the case of Al-Cu base alloys in Chapter 4, calculated increments in
electrical resistivity, A p ,, were derived using eq.(3.13) from structural parameters obtained
in the simulations for the Al-Li base alloys. In the early stage of the phase decomposition
in Al-Li alloys, however, the rigorously microstructural evaluation using small-angle X-ray
scattering (SAXS) is rather difficult because of both the diffuse precipitate/matrix interface
and the non-conserved form of precipitate size distributions[22]. As described in Chapter
3, therefore, the function g(n), which means the contribution to electrical resistivity by one
cluster with average size n, was assumed to be the relationship of eq.(3.15) by comparing
the estimated A p ., curves with experimentally measured ones. The proposed function
may provides never experimentally measured relationship between the size of one 0’
particle and the corresponding increase in 0 in Al-Li alloys. Figure 5.12 illustrates the
variations in A o, for the Al-Li, Cu-, Mg- and Ag-added alloys simulated at 273K.
Although prolonged Monte Carlo steps(MCs) reduce the values of A o, the Al-Li, Cu-
and Mg-added alloys exhibit the similar curves of A p ., to experimentally measured ones
in Fig.5.3. The discrepancy in the Ag-added alloy is considered to be responsible for the
change of the function g(n) caused by additions of third elements. This consideration is
supported by the experimental results that additional Ag is preferentially partitioned within
the 0’ phase in Al-Li alloys[1, 2]. Therefore, it can be concluded from the obtained
simulation results that a small addition of Cu, Ag or Zn to Al-Li alloys exerts no marked
influence on the formation kinetics of low-temperature precipitates because of no significant
interaction between the elemental atom and a vacancy. On the other hand, the additions of
Mg, Sn and Li obvious_ly suppress the phase decomposition rate in Al-Li alloys due to the
so-called vacancy trapping mechanism[20] resulting in the slower increase in electrical

resistivity.
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5.6 Conclusions

The effects of third additional elements on the formation behavior of low-temperature
precipitates were investigated for an Al-8mol%L.i alloy aged at temperatures from 278 to
373K. The elements added to the binary alloy are 0.25%Cu, 0.25%Mg, 0.25%Ag and
0.3%Si (in mol%). Comparisons between the quantitative kinetics determined by the electrical
resistivity changes and the microstructure evolution during the Monte Carlo simulation
give important information on both the macroscopic transformation behavior and the detailed

formation mechanism of ordered structures. The obtained results are summarized as follows.

(1) A small addition of Mg to Al-Li alloys markedly retards the formation of ordered
structures consisting of Al and Li atoms similarly to the case of Al-Cu alloys containing
Mg. This is because that Mg atoms preferentially trap free-vacancies available for Li
diffusion to form ordered structures; i.e. the so-called vacancy-trapping mechanism, due to
the relatively high interaction with a vacancy. Such situations can be frequently observed

in atom configurations during the simulation.

(2) In contrast, additions of Ag, Zn and Cu exert no marked influence on the kinetics of
the low-temperature precipitation in Al-Li alloys. This is explained by no significant
interactions between these elemental atoms and vacancies, resulting in the similar

microstructure evolution of ordered structures to that of the binary alloy.

(3) As for the substitution behavior of third additional atoms within the ordered structures,
Ag and Cu exhibit a strong tendency toward substituting Al-sites of a L12-type structure,

whereas Mg and Zn have a feasibility of both site substitutions, respectively.
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Chapter 6

Microstructure Evolution of Solute Atom Clusters and Kinetics of
Low-Temperature Precipitation in Al-Li-Cu Alloys with
Microalloying Elements

6.1 Introduction

In the last decade, several types of Al-Li-Cu alloys have been developed with the
intention of direct replacement of conventional Al alloys. At the present time, some aircraft
parts such as leading edge, floor beam and access panel are already substituted by the 2090
(Al-Li-Cu-Zr) and 8090 (Al-Li-Cu-Mg-Zr) alloys. However, there are also limitations to
further wide range applications of the Al-Li-Cu alloys to other structural components; e.g.
skin, frame, upper or lower wings of commercial aircrafts. One of the troublesome problems
is a decreased toughness of the alloys after prolonged exposure at low temperatures (e.g.
70°C);i.e. lack of thermal stability ataround 70°C (343K). In the case of aerospace application,
for example, prolonged thermal exposure during service gradually results in the decreased
fracture toughness with the simultaneous increase in strength of the components. To date,
some researchers have reported that this unfavorable embrittlement is attributed to Li
segregation at grain boundaries[1], new precipitation of the fine ¢ * phase[2] or change in
width of the 0 ’-precipitation free zone (PFZ)[3]. On the other hand, Noble et al.[4]
suggested that the embrittlement of the 8090 alloy is mainly caused by the further precipitation
of GPB zones, not the 0’ formation, because an Al-2.5mass%Li binary alloy exhibits no
marked change in the fracture energy during thermal exposure at 343K. These results
indicate that thermal stability of Al-Li-Cu alloys appears to be ascribed to a number of
low-temperature precipitates which are simultaneously formed in the alloys. Therefore, it
also becomes essential to examine the effects of microalloying elements on the low-
temperature precipitation of Al-Li-Cu alloys by comparing with the cases of the simple
Al-Cu (Chapter 4) and Al-Li (Chapter 5) binary alloys.

Even from a welding point of view, furthermore, it is necessary to make clear the
detailed effects of microalloying elements in weldable Al-Li-Cu alloys. In general, there is
no doubt that the propérties and performance of weldments are greatly influenced by their
microstructures formed during welding, depending on the chemical composition and
fabricated process of base metals. In the case of heat-treatable alloys, the effects of welding

can be divided into five regions with the distance from welding arc as illustrated in
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Fig.6.1[5]. Each region exactly reflects temperatures attained during welding, resulting in a
joint efficiency of welded parts. In particular, the zones designated as A, B and C in
Fig.6.1 are quite important regions to obtain strong joints because as-cast and as-solution
treated conditions normally cause the decreased mechanical strength of alloys. Therefore,
re-heating treatments after welding operation are an indispensable procedure to bring the
mechanical properties of the above zones back to nearly original ones of base metals,
although such the temper is unpractical especially to large parts of structural components.
The acceleration of the natural aging response by small additional elements is a quite
effective method to obtain the excellent joint efficiency without such the trouble postweld

treatments.

In this chapter, the effects of various microalloying elements on the age-hardening
behavior and precipitate microstructures of an Al-5.0%Li-2.3%Cu-0.04%Zr (mol%) alloy
have been investigated in the temperature range from 278 to 373K using hardness
measurement and transmission electron microscopy. In particular, the effect of small
additional Mg, which plays an important role in the accelerated low-temperature precipitation
of the quaternary alloy, was quantitatively examined by electrical resistivity measurement.
From the atomistic analysis by a Monte Carlo simulation, furthermore, the characteristic
decomposition mechanism in the Al-Li-Cu alloys is discussed in the comparison with the
cases of the simple Al-Cu (Chapter 4) and Al-Li (Chapter 5) binary alloys. This mechanism
is also based on both the preferential vacancy trapping by some solute atoms and solute

atom aggregates closely related to their interatomic interactions.

6.2 Experimental Procedures

The alloys utilized in this chapter were supplied by Alithium Limited. Seven types of
alloys were prepared from high-purity materials under Ar gas atmosphere followed by
continuous casting. The chemical compositions of the alloys are listed in Table 6.1. The
elements added to an Al-5.0%Li-2.3%Cu-0.04%Zr alloy are 0.2%Zn, 0.1%Ag, 0.5%Si,
0.2%Ge, 0.5%Mg and O.5%Mg+0.1%Ag (in mol%). For simplicity, an alloy containing a

small amount of additional element, x, is designated as x-added alloy in this chapter.
All the ingots were homogenized by two steps; i.e. 723K for 86.4ks and 773K for

21.6ks, and fabricated to 1.6mm-thick sheets through hot- and cold-rolling. Solution

treatments were carried out in a salt bath at 778K for 1.8ks followed by water quenching at
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N\— Heat-treatable —
alloy S

-
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Symbol Zone

Description

A Weld metal

B Fusion zone

C Solid solution zone

D Partially annealed or
overaged zone

E Unaffected zone

Weld bead with as-cast structure where base metal is alloyed with
weld metal.

Region where partial melting of the base metal occurs, primarilly
at the grain boundaries.

Region where the heat from welding is high enough to dissolve
partially retained in solid solution if cooling is sufficiently rapid.

Region where the heat from welding has caused precipitation
and/or coalescence of particles of soluble constituents.

Region where heating has not affected the structure.

Fig. 6.1 lllustration of a cross section having five characteristic
regions formed on welding for heat-treatable alloys.
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~298K. The lithium loss during these heat treatments was quantitatively estimated from
as-quenched values of the electrical resistivity by assuming that the concentrations of third
additional elements remain unchanged through the fabrication process as those in the
ingots in Table 6.1. The subsequent aging treatments were performed at temperatures from
278 to 373K for various aging times. In this work, the room temperature designated as RT
always stands for ~298K. The above fabrication process is shownin Fig.2.1. The experiments
in this chapter; i.e. hardness and electrical resistivity measurements and transmission electron

microscopy, were made in the same manner described in Chapter 2.

6.3 Effects of microalloying elements

6.3.1 Hardness changes

The natural aging curves of hardness are illustrated in Fig.6.2 for the Al-Li-Cu-Zr, Ag-,
Ge-, Zn-, Si-, Mg- and (Mg+Ag)-added alloys. With increasing aging time, the Mg- and
(Mg+Ag)-added alloys display a rapid and pronounced hardening to reach over HV150,
which corresponds to the mechanical strength of 526MPa(UTS) and 287MPa(0.2%Y.S.),
whereas the Mg-free (i.e. Al-Li-Cu-Zr, Ag-, Ge-, Zn- and Si-added) alloys exhibit almost
no age-hardenability within the investigated aging time range. Even in the Mg-free alloys,
however, higher aging temperatures result in the increased age-hardening to attain an

almost identical value of hardness to that of the (Mg+Ag)-added alloy, as illustrated by the

Table 6.1 Chemical compositions of the alloys utilized in this chapter (mol%).

Alloys Li Cu Zn Ag Si Ge Mg Zr Al
Al-Li-Cu-Zr 522 235 — — — — — 0.0441 bal.
Zn-added 486 239 0190 — — — — 0.0325 bal
Ag-added 523 239 — 00948 — — — 0.0443  bal.
Si-added 470 237 — — 0508 — — 0.0295 bal.
Ge-added 475 233 — — — 0242 — 00326 bal
Mg-added 517 224 — — — — 0.529 0.0440 bal.
(Mg+Ag)-added 527 233 — 00972 — — 0553 0.0471 bal.
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Mg-free(i.e. Ag-added) alloy aged at 373K in Fig.2.3. The pronounced difference in the
rates of hardness-increase between the (Mg+Ag)-added(Mg-added) and Mg-free alloys is

well understood by comparing their precipitate microstructures.

6.3.2 Transmission electron micrographs

Figure 6.3 shows the bright field TEM images for the Al-Li-Cu-Zr, Ag-, Ge-, Zn-, Si-,
Mg- and (Mg+Ag)-added alloys aged at RT for 864ks. This aging condition gives the
extremely large difference in hardness between Mg-containing and Mg-free alloys as
illustrated in Fig.6.2. The corresponding diffraction patterns of the Mg- and (Mg+Ag)-added
alloys clearly exhibit continuous streaks toward the (100) direction together with
superlattice reflections, indicating the presence of both fine GP(1) zones and the 0’ phase
(and/or its precursory structures) (Fig.6.3 (f), (g)). On the other hand, the microstructures
of the Mg-free (i.e. Al-Li-Cu-Zr, Ag-, Ge-, Zn- and Si-added) alloys consist of almost no
precipitates except for the [3° (Al3Zr) phase having the Ashby-Brown strain contrast[6]
(Fig.6.3(a)-(e)). At higher aging temperatures, however, GP(1) zones can be also detected
even in these Mg-free alloys with the coexisting &’ phase, as revealed in the TEM
micrograph of the Mg-free(i.e. Ag-added) alloy aged at 373K for 5.4 X 10° ks (Fig.2.5(c)).
These results indicate that a small addition of Mg to Al-Li-Cu-Zr alloys markedly accelerates
the formation of GP(1) zones resulting in the faster increase in the hardness (Fig.6.2). In
contrast, the addition of Ag, Ge, Zn or Si exerts no marked influence on the age-hardening
behavior because of the same precipitation microstructures as that of the quaternary alloy.
As for the effects of these additional elements on the precipitation kinetics of the 0 * phase
(and/or its precursory structures), the detailed discussion can not be made only from these

obtained experimental results (i.e. Figs.6.2 and 6.3).

6.3.3 Electrical resistivity changes

As described in Chapter 2, Al-Li-Cu base alloys clearly display a two-stage increase in
electrical resistivity during aging at 278 to 373K irrespective of the presence of additional
Mg (Fig.2.6). The plots of resistivity change rates, d p /dz, against aging times confirm
such the two-stage change, which is composed of a monotonous-decrease stage and either
anomalous-increase stage ((Mg+Ag)-added) or constant-rate stage (Mg-free(i.e. Ag-added)),
as illustrated in Fig.6.4. In this work, the first stage is designated as Stage 1, whereas the
subsequent is designated as Stage 2. From the obtained electrical resistivity curves in the
preceding chapters, it is already shown that Al-Cu alloys exhibit one-stage increase in 0

from just after quenching at low aging temperatures(Fig.4.2), whereas Al-Li alloys display
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a rapid increase in the resistivity from the early stage of aging(Fig.5.3). Furthermore, these
simple Al-Cu and Al-Li alloys only exhibit a monotonous decrease in d o /dr within the
investigated aging time range. Therefore, the anomalous d o /dz change observed in Fig.2.6
and Fig.6.4 is regarded as a characteristic feature of Al-Li-Cu alloys, which is closely
related to the simultaneous precipitation of GP(1) zones and the 0’ phase (and/or its

precursory structures).

6.3.4 Quantitative analysis of phase decomposition kinetics

(a) Kinetics of Stage 1 precipitation

The quantitative analysis of the characteristic precipitation in Al-Li-Cu alloys was
made using Johnson-Mehl-Avrami equation in eq.(4.1). Figure 6.5 illustrates the variations
in Inln[1/(1-y)] of the (Mg+Ag)-added and Mg-free (i.e. Ag-added) alloys derived from the
electrical resistivity changes at 343K in Fig.2.6. The plotted points obviously exhibit both
one or two.straight lines in Stage 1, indicated by solid lines, and one increasing curve in
Stage 2, indicated by a broken line, for each alloy. This implies that some structural
changes occur even in Stage 1 if the transition time from Stage 1 to Stage 2, s, is long
enough as is the case of the Mg-free alloy in Fig.6.5. The simple Al-Li(-Mg) alloys in
Chapter 5 also exhibit such the two or three regions, which correspond to stages of the
phase decomposition sequence in Al-Li alloys, in the relations of Inin[1/(1-y)] toInz (Fig.5.4).
Therefore, it is quite reasonable to assume that the same phase decomposition takes place
in both the simple Al-Li(-Mg) and the present Al-Li-Cu(-Mg) alloys because almost identical
values of n are estimated; i.e. ~0.42 for the first stage of the Al-Li(-Mg) alloys (Fig.5.4)
and ~0.40 for the early Stage 1 of the Al-Li-Cu(-Mg) alloys (Fig.6.5). In fact, the
microstructures of the as-quenched (Mg+Ag)-added alloy also reveals the decomposition
stage of uniformly ordered structures into two ordered phases as observed in the simple
Al-Li alloys[7].

From the intercepts on the Inln[1/(1-y)] axis in Fig.6.5, furthermore, extremely different
k values are assessed to be 1.3X10°s" and 3.5X10°s" for the (Mg+Ag)-added and
Mg-free(i.e. Ag-added) alloys, respectively. This implies that a small amount of Mg markedly
retards the formation of Stage 1 precipitates, namely precursory structures of the 0’
phase, as well as the case of the simple Al-Li(-Mg) alloys in Chapter 5. The similar results
are obtained for other aging temperatures as illustrated in Fig.6.6, which shows determined
n and k values for the early stage of Stage 1 precipitation against reciprocal aging

temperatures. It should be noted that the values of n remain constant at ~0.4 at all
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investigated temperatures, whereas the values of k for the (Mg+Ag)-added alloy are
significantly smaller than those for the Mg-free alloy. The activation energies for the Stage
1 precipitation, Qs.1, which are estimated from the slopes of the corresponding straight
lines in Fig.6.6(b), are 52.7 and 43.6kJ/mol for the (Mg+Ag)-added and Mg-free alloys,
respectively. These values are in good agreement with the activation energies for the
low-temperature precipitation in the simple Al-Li(-Mg) alloys in Chapter 5; i.e. 54.5kJ/mol
for the Al-Li-Mg alloy and 40.7kJ/mol for the Al-Li alloy. Therefore, the small addition of
Mg to Li-bearing alloys is found to inevitably retard the phase decomposition rate; e.g.

decomposition rate of uniformly ordered structures into two ordered phases.

(b) Kinetics of Stage 2 precipitation

As illustrated in Fig.2.6, on the other hand, the resistivity increments in Stage 2 obviously
take place much rapidly in the (Mg+Ag)-added alloy than those of the Mg-free(i.e. Ag-added)
alloy. In this work, the precipitation kinetics in Stage 2 was estimated from the transition
time from Stage 1 to Stage 2, fs, at which the value of Inln[1/(1-y)] deviates from each
extrapolation line for Stage 1, as indicated by arrows in Fig.6.5. The value of 5 exactly
corresponds to the time when the hardness of the two alloys starts to increase at each aging
temperature in Fig.2.3. The Arrhenius plots of In(1/¢s) in Fig.6.7 give the activation energies
for the Stage 2 precipitation, Q’s:2, to be 55.5 and 85.5kJ/mol for the (Mg+Ag)-added and
Mg-free alloys, respectively. These values are considered to be the activation energies for
the GP(1) zone nucleation, not for the growth of GP(1) zones, because GP(1) zones are not
detected until # at any aging temperatures. This clearly shows that a small amount of Mg
markedly accelerates the GP(1) zone formation due to the decreased activation energy for
their nucleation resulting in the faster increases in both the hardness and electrical resistivity
of Al-Li-Cu alloys. In general, it is difficult to detect experimentally the nucleation behavior
of precipitates because of their extremely rapid formation enhanced by quenched-in excess
vacancies. In the present alloys, however, it should be noted that coexisting Li atoms play
an important role in retarding the GP(1) zone formation due to the preferential vacancy
trapping effect[8]. This explains the reason why the activation energies for the GP(1) zone
nucleation can be estimated for the first time in the present thesis. Such the vacancy

trapping effect by Li atoms is directly observed in the following Monte Carlo simulations.
As for the growth rate of GP(1) zones, however, a small amount of Mg is expected to

play a contrary role to the above effect on the GP(1) zone nucleation. As revealed in the

case of simple Al-Cu alloys in Chapter 4, the activation energy for the growth of GP(1)
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Table 6.2 Nucleation and growth rates of precipitates observed in Mg-free and
(Mg+Ag)-added (Mg-added) alloys.

Allo Stage 1 Transition time, ¢ s Stage 2
Y (growth of precursor of §")|(nucleation of GP(1) zones)| (growth of GP(1) zones)
Mg-free Fast Late Fast
(N;%;?dg)' Slow (preferential vacancy (Mg /Cl?la;{}zcancy Slow (preferential vacancy
(Mg-added) trapping by Mg atoms) complexes) trapping by Mg atoms)
0
® (Mg+Ag)-added
-2 O Mg-free
-4
—~ -6
wn
+J
~
z
— -8
-10
-12
-14

2.4

2.6 2.8

3 3.2
T 1x103 /K"

3.4

3.6 3.8

Fig.6.7 Arrhenius plots of In(1/ ts) against reciprocal
aging temperatures for (Mg+Ag)-added and Mg-free

alloys.
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zones is markedly increased by the small addition of Mg. Therefore, it is quite natural to
consider that Mg addition to Al-Li-Cu alloys also exhibits same tendency to retard the
growth rate of GP(1) zones even if substantial amount of Li coexists, although such the
retardation behavior is not observed during Stage 2 in Fig.2.6 or 6.4. The obtained nucleation
and growth rates of each stage-precipitate are summarized in Table 6.2 for the (Mg+Ag)-
added(Mg-added) and Mg-free(i.e. Al-Li-Cu-Zr, Ag-, Ge-, Zn- and Si-added) alloys. Note
that slightly complicated effects of small additional Mg were experimentally detected for

the first time.

6.4. Mechanism of complicated effects of Mg addition

6.4.1 Monte Carlo simulation results

The detailed effects of additional Mg to Al-Li-Cu alloys are verified using a Monte
Carlo simulation. In this case, although the utilized simulation models must be extended to
treat quaternary alloy systems, the similar conditions described in Chapter 3 can be applied
to inquire the low-temperature precipitation in multicomponent Al-Li-Cu-Mg alloys. The
utilized simulation parameters between four elemental species are summarized in Table
6.3. Note that only nearest neighbor interactions are taken into account despite the simulation
of ordering reaction of the 0’ phase and/or its precursory structures. This simplification,
however, has little influence on the obtained simulation results for the simultaneous formation
of GP zones and the O’ phase except for their morphologies. The utilized Li atom
concentration of 4.2mol% in the simulation system was estimated from as-quenched values
of the electrical resistivity in the (Mg+Ag)-added alloys; i.e. ~56.2nQm, by taking into

account the effect of Li loss during heat-treatments applied.

Figure 6.8 shows typical atom configurations on one atom layer of (001) plane in the
Al-4.2Li-2.4Cu and Al-4.2Li-2.4Cu-0.3Mg (in mol%) alloys simulated at 273K for 5X
10°MCs. Because of a positive ordering parameter between nearest neighbor Li atoms, the
extensive volume fraction of Li atom clusters, not ordered structures, is observed as indicated
by purple circles. Cu atoms indicated by gray circles are also detected as a relatively low
number density of clusters, whose formation rate is remarkably lowered compared with
that of Al-Cu binary alloy in Fig.4.6(c). These results indicate that the substantial amount
of Li significantly suppresses the GP zone formation by preferentially trapping vacancies
available for Cu diffusion, resulting in the formation of the 6’ phase and/or its precursory

structures. Such the vacancy trapping effect by Li atoms is entirely ascribed to a considerably
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and Al-Li-Cu-Mg(b) alloys simulated at 273K for 5% 108MCs. The yellow, purple, gray

Fig.6.8 Typical atom configurations on one atom layer of (001) plane in Al-Li-Cu(a)
and red circles represent Al, Li, Cu and Mg atoms, respectively.



strong Li-Vacancy interaction in Table 6.3 and actually observed during the simulation.
Figure 6.9 shows the variations in residual Li, Cu and Mg concentrations in the Al matrix
during the simulations at 273K for the Al-Li-Cu and Al-Li-Cu-Mg alloys. As Monte Carlo
step(MCs) proceeds, although both alloys display a monotonous decrease in each residual
concentration, the small addition of Mg slightly causes the acceleration of Cu atom clustering
compared with the Mg-free Al-Li-Cu alloy. This tendency is clearly revealed in the variation
in the number density of Cu clusters for the Al-Li-Cu-Mg alloy as illustrated in Fig.6.10. It
should be noted that the starting time of the nucleation of Cu atom clusters is obviously
shortened by small additional Mg, whereas the variations in number density of Li atom
clusters only exhibit a monotonous decrease almost at the same rate in both alloys. These
results strongly suggest that a small amount of Mg remarkably enhances the nucleation
rate of GP zones with the aid of Mg/Cu pairs and/or Mg/Cu/Vacancy complexes because
of the strong tendency of Mg to combine with Cu atoms rather than Li atoms (Table 6.3).
Such the effect is revealed in atom configurations of Al-Cu-Mg-Ag alloy in Fig.6.8(b), in
which the fourth additional Mg indicated by red circles is frequently detected around Cu
atom clusters than Li atom clusters. In contrast, no other additional elements form such
complexes with Cu, even if they have strong interactions with vacancies as Ge and Si
(Table 1.2), because these elemental atoms preferentially combine with Li atoms, not with

Cu atoms, as predicted from characteristic interactions in Figs. 4.8 and 5.10.

Table 6.3 Ordering parameters utilized in the simulation of Al-Li-Cu-Mg
alloys (in kJ/mol). It should be noted that only nearest neighbor interactions
are taken into account.

Al Cu Mg Li
Al — 2.20 1.18 1.53
Cu — — -50.0 0.709
Mg _ — —_ —_ 1.32
Li — —_ — _
Vacancy 0 5.00 -8.50 -6.50
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6.4.2 Proposed mechanism on accelerated GP zone nucleation by Mg addition

The experimentally obtained effects of Mg addition (Table 6.2) is well explained by
taking into account both vacancy-solute atom interactions and solute atom aggregates. As
described above, Li atoms, the primary solute in the present alloys, will first trap most of
excess vacancies during and/or just after quenching due to the considerably strong Li-Vacancy
interaction, resulting in the rapid formation of the J ’ phase and/or its precursory structures.
This simultaneously suppresses the formation of GP zones because free-vacancies available
for Cu diffusion are remarkably decreased. In contrast, the small addition of Mg contributes
to lower the growth rate of the 0’ phase in Stage 1 by forming numerical Mg/Vacancy
pairs because of the strong Mg-Vacancy interaction (Table 6.3). The higher activation
energy for the Stage 1 precipitation in the Mg-added alloys, therefore, can be interpreted in
terms of the so-called vacancy-trapping effect proposed by Kimura et al.[8]. At the same
time, Mg also has a strong tendency to combine with Cu atoms as suggested by the utilized
ordering parameter in Table 6.3. This indicates that Cu-rich regions for the GP zone
formation are easily formed connected with the above Mg/Vacancy pairs resulting in
Mg/Cu/Vacancy complexes. This proposed mechanism; i.e. Mg/Cu/Vacancy complex
mechanism, most likely attributes to the decreased activation energy for the GP(1) zone
nucleation because of the heterogeneous nucleation effect with the aid of Mg/Cu/Vacancy
complexes. In fact, Ringer et al.[9] directly observed Mg-Cu co-clusters in the early stage
of aging in an Al-1.7Cu-0.3Mg(in mass%) alloy using atom probe field ion microscope
(APFIM). The proposed mechanism in which Mg/Cu/Vacancy complexes play an important
role in the accelerated formation of GP zones, therefore, is considered to be sufficiently
probable. In the investigated low-temperature range, furthermore, the simultaneous addition
of Ag with Mg unfortunately exerts no marked influence on the precipitation behavior of
Mg-added Al-Li-Cu alloys, unlike the case of the elevated-temperatures above ~400K
which promote the T1(Al2LiCu) phase precipitation as described in Chapter 7.

The increased nucleation rate of GP zones by Mg addition obviously results in the
rapid increase in electrical resistivity in Stage 2 as shown in Fig.2.6. In this work, similarly
to the cases of the simple Al-Cu (Chapter 4) and Al-Li (Chapter 5) alloys, the calculated
electrical resistivity, 0., was derived from the obtained simulation resuits for
multicomponent Al-Li-Cu-(Mg) alloys using eq.(3.13). Figure 6.11 shows the variations in
0, for the Al-Li-Cu and Al-Li-Cu-Mg alloys simulated at 273K. Although absolute
values of both as-quenched resistivity and increasing amount of o ., are still under debate,

both alloys exhibit the similar curves of o, to the experimentally measured ones in
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Fig.2.6 even showing the two-stage increase observed in the Mg-added Al-Li-Cu alloys.

This agreement is a most important and notable result obtained in the present thesis.

6.5 Conclusions

The effects of microalloying elements on the age-hardening behavior and precipitation
microstructures in an Al-5.0Li-2.3Cu-0.04Zr (in mol%) alloy were investigated at aging
temperatures ranging from 278 to 373K using hardness and electrical resistivity
measurements and transmission electron microscopy. The obtained results are summarized

as follows.

(1) Both alloys exhibit a two-stage increase in the hardness and electrical resistivity.
The first gradual-increase stage, Stage 1, is attributed to the growth of the 0 ’ phase and/or
its precursory structures, whereas the subsequent rapid-increase stage, Stage 2, corresponds

to the GP(1) zone formation consisting of both the nucleation and growth stages.

(2) A small addition of Mg to the Al-Li-Cu-Ag-Zr alloy markedly accelerates the
GP(1) zone nucleation resulting in both an enhanced age-hardening and more rapid increase
in resistivity at Stage 2. This is well explained by taking into account the important role
played by Mg/Cu/Vacancy complexes, which significantly increase the nucleation rate of

GP zones with the decreased activation energies.

(3) In contrast, the growth rates of GP(1) zones and the § * phase (and/or its precursory
structures) are lowered by Mg addition as revealed by higher activation energies in the
Mg-added Al-Li-Cu alloys. This is well explained by the pronounced decrease in free-
vacancies available for Cu and Li diffusion due to the preferential vacancy trapping by Mg

atoms.
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Chapter 7
Nucleation Mechanism of T1 phase precipitation in Al-Li-Cu Alloys

7.1 Introduction

As described in Chapter 2, Al-Li-Cu-Zr alloys containing small amounts of Mg and
Ag; e.g. the registered 2094, 2095, 2096 and 2195 alloys, exhibit the excellent mechanical
strength compared with the quaternary alloy under the T6 temper condition. The high
strength of the (Mg+Ag)-added alloy is obviously responsible for the homogeneous
precipitation of the T1(Al2LiCu) phase, which is normally formed only at subgrain boundaries
in conventional Al-Li-Cu alloys. Although many attempts have been conducted since the
(Mg+Ag)-containing alloys were developed as a new high specific strength material[1-3],
the mechanism of the accelerated T1 phase precipitation by the combined Mg and Ag
addition is still unclear. One interesting point is why these elements can stimulate the T1
phase nucieation, nevertheless, whose structure does not consist of them at all. Pickens et
al.[2] suggested that local ordering structures containing Ag and Mg atoms act as effective
nucleation sites for the T1 phase, similarly to the case of the (2 phase nucleation in
Al-Cu-Mg-Ag alloys[4-8]. On the other hand, Suzuki er al.[9] pointed out that the T'1 phase
nucleation occurs at fine secondary defects which are densely formed in the early stage of
aging. Furthermore, the effect of either reduced stacking fault energy of aluminum[10] or
some precursory structures; e.g. GP zone[11] and the T1’ phase[12, 13], has been also
reported. From both technological and phenomenological points of view, therefore, it is
quite important to elucidate the mechanism of the T1 phase precipitation in the Al-Li-Cu

alloys containing small amounts of Mg and Ag.

According to the detailed structure analysis using X-ray and electron diffraction
techniques [14-21], the T1 phase is classified to be of hexagonal structure with a space
group most likely of P6/mmm. This thin plate-like precipitate, with a=0.4965nm and
¢=0.9345nm[16], is observed to lie on four {111} planes in the Al matrix, satisfying the
orientation relationships {111}a1 || {0001}T1 and <(T10) a1l (1010) T1. The proposed
atom arrangement[16] consists of a stacking sequence of ABABAB..., where A is closed-
packed planes with ordered arrangements of Al and Li atoms in 1:2 and 2:1 ratios for
alternate A planes, and B is disordered planes with random arrangements of Al and Cu

atoms in 1:1 ratio. This proposal implies that the T1 phase formation inevitably introduces
a high number density of stacking faults in the fcc Al matrix; i.e. ABCABABC... . The
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stacking fault energy of aluminum, however, is generally believed to be so high; e.g. ~
0.15J/m*[10], that hexagonal closed-packed (hcp) phases can not directly nucleate on the
matrix. Therefore, it becomes necessary to consider the presence of some heterogeneous
nucleation sites for the T1 phase especially by taking into account the roles of microalloying

elements and quenched-in excess vacancies.

In this chapter, the effects of various additional elements on the age-hardening behavior
and precipitate microstructures of an Al-5.0%Li-2.3%Cu-0.04%Zr (mol%) alloy have been
investigated in the temperature range from 403 to 523K using hardness measurement and
transmission electron microscopy. In particular, the small addition of Mg, which is most
effective in improving the mechanical properties of the quaternary alloy, is focused and
closely related to the nucleation mechanism of the T1 phase. From the difference in the T1
phase distributions between three quenching conditions; i.e. W.Q.(water-quench), D.Q.
(direct-quench) and S.Q.(step-quench), furthermore, heterogeneous nucleation sites for the
T1 phase are discussed in terms of both solute atom clusters and point defects aggregates.
The Monte Carlo simulation performed in this work well reproduces the proposed mechanism

of the T1 phase nucleation.

7.2 Experimental Procedures

Thealloys utilized ih this chapter are same as ones in Chapter 6. The chemical compositions
of the alloys are listed in Table 6.1. The elements added to an Al-5.0%Li-2.3%Cu-0.04%Zr
alloy are 0.2%Zn, 0.1%Ag, 0.5%Si, 0.2%Ge, 0.5%Mg and 0.5%Mg+0.1%Ag (in mol%).
For simplicity, an alloy containing a small amount of additional element, x, is designated

as x-added alloy in this chapter.

All the ingots were homogenized by two steps; i.e. 723K for 86.4ks and 773K for
21.6ks, and fabricated to 1.6mm-thick sheets through hot- and cold-rolling. Solution
treatments were carried out in a salt bath at 778K for 1.8ks in the same manner as
described in Chapter 6. In this chapter, three different quenching treatments were applied
to the above alloys. W.Q.(water-quench) is a usual procedure to directly quench solution-
treated specimens into water at ~298K. D.Q.(direct-quench) is a procedure to give an
aging treatment at temperature 7'a directly from quenching bath temperatures 7b (323-523K),
whereas S.Q.(step-quench) includes a holding treatment at 673K for 15s during water-

quenching from 778K. These quenching treatments are schematically illustrated in Fig.7.1.
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The subsequent aging treatments were performed in oil baths at temperatures from 403 to
523K for various aging times. The above fabrication process is shown in Fig.2.1. The
experiments in this chapter; i.e. hardness measurement and transmission electron microscopy,

were made in the same manner described in Chapter 2.

7.3 Effects of microalloying elements

7.3.1 Hardness changes

Hardness changes during isothermal aging at 433K after W.Q. treatment are shown in
Fig.7.2 for the Al-Li-Cu-Zr, Ag-, Ge-, Zn-, Si-, Mg- and (Mg+Ag)-added alloys. The
addition of Ag, Ge, Zn or Si to the quaternary alloy exerts almost no marked influence on
the values of peak hardness, approximately up to HV10 increase, whereas Mg addition
obviously shortens the time to attain peak hardness and also increases the value of peak
hardness by ~HV40. The simultaneous addition of Mg and Ag, furthermore, yields the
highest value of peak hardness over ~HV200, which corresponds to the mechanical
strength of 592MPa(UTS) and 559MPa(0.2%Y .S.) as described in Chapter 2. The similar
tendency is also revealed in 463K aging in Fig.7.3. These results indicate that a small
addition of Mg to Al-Li-Cu-Zr alloys causes the pronounced increase in the hardness under
the T6 temper condition and that the combined addition of Ag with Mg is more effective to

increase the mechanical strength of the quaternary alloy.

7.3.2 Transmission electron micrographs

Figure 7.4 shows the bright field TEM images for the Al-Li-Cu-Zr, Ag-, Ge-, Zn-, Si-,
Mg- and (Mg+Ag)-added alloys aged at 433K for 346ks after W.Q. treatment. This aging
condition provides almost peak hardness for each alloy in Fig.7.2; i.e. T6 temper condition.
The electron diffraction patterns of the quaternary, Ag-, Ge-, Zn- and Si-added alloys
~exhibit continuous streaks toward the (100) direction with intensity maxima at every
fourth between fundamental 200 spots, indicating the presence of fine plate-like GP(2)
zones with average size of ~60nm(Fig.7.4(a)-(e)). In these Mg-free alloys, the heterogeneous
precipitation of the coarsened T1 phase is also observed only at subgrain boundaries with a
low number density. On the other hand, the microstructures of the Mg- and (Mg+Ag)-added
alloys reveal a high number density of the T1 phase on the {111} habit planes, which
provides both continuous streaks toward the (111) direction and 1/3, 2/3 220 spots in the
corresponding diffraction patterns, with coexisting GP(2) zones (Fig.7.4(f), (g)). The similar
results are observed in the precipitate microstructures aged at 463K for 36ks (Figs.7.5).
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From the comparison of observed precipitates in Table 2.2, it is obviously confirmed that
the small addition of Mg markedly stimulates the transgranular formation of the T1 phase,
whereas strengthening phases of the Mg-free alloys still remain GP zones with the coarsened
T1 phase only at subgrain boundaries. It should be also emphasized in Table 2.2 that
metastable phase fields remain unchanged in both alloys at most of investigated temperatures.
Unfortunately, no significant difference in the precipitate microstructures can be detected

between the Mg- and (Mg+Ag)-added alloys.

7.4 Effects of quenching conditions

7.4.1 D.Q.(direct-quench) treatment

To date, several mechanisms of the T1 phase nucleation have been proposed by taking
into account the roles of solute atom clusters and metastable precipitates[2, 11-13]. The
presence of such precursory structures could be verified by investigating the changes in the
precipitate density of the T1 phase after D.Q.(direct-quench) treatment. Figure 7.6(a) shows
the variations in peak hardness with quenching bath temperature, 75, for the (Mg+Ag)-added
and Mg-free(i.e. Ag-added) alloys aged at 463K after D.Q. treatment. Here, it should be
noted that the (Mg+Ag)-added alloy consists of a high number density of the T1 phase,
whereas strengthening phase of the Mg-free alloy remains GP zones, under this aging
condition. Although the peak hardness of the (Mg+Ag)-added alloy gradually decreases
with increasing Th, no critical temperature indicated by a discontinuous change in the
values of peak hardness is observed, unlike the case of a similarly treated Al-Zn-Mg
alloy[22]. This is well.explained by the precipitate microstructures of the (Mg+Ag)-added
alloys after D.Q. treatment in Fig.7.6(b)-(¢), which reveals that the precipitate size
distributions of the T1 phase are almost identical in both cases of 76=RT and TH=523K.
Even in the 523K aging, furthermore, the similar continuous decrease in peak hardness is
observed in the (Mg+Ag)-added alloy (Fig.7.7(a)), which ascribes to the continuous decrease
in the number density of the T1 phase as illustrated in the precipitate size distributions after
D.Q. treatments from 7b=RT and Th=523K (Fig.7.7(b)-(e)). These results indicate that no
precursory structure of the T1 phase, which has a certain solvus temperature within the
measured 7b range, exists unlike the case of an Al-Zn-Mg alloy[22]. This continuous
decrease in the T1 phase precipitation by D.Q. treatment is well explained in terms of the
difference in the vacancy concentrations as described in the following section. As for the
GP zone formation in the Mg-free alloy, on the other hand, D.Q. treatment has almost no

influence as suggested in the variations in peak hardness at both aging temperatures in

149



-0

O¥¥-00%

00¥-09¢€

09¢-0¢¢€

0¢¢e-08¢
08¢-0t¢

wu/ g

- 0t¢-00¢

(11 Joazis:qg Lwouuniad L | Jo Allsusp sequinu :N) (8°p) NEZS

=q1 pue (9'q) LY¥=0L wouy swusunesll 0'q91e SH9E 104 Y9 1e pabe
sAojje pappe-(by+bpy) 104 suonnguisip azis sreydivsad pue sydeafoaoiw
uo1109j8 pue (e) sAojje aa.j-B pue peppe-(By+bW) 104 ‘gl ‘saimesadwal
yieq buiyousnb yim buibe 3 cot Ul sseupiey dead Jo suoneuea g/ 6l

=2 /9L ‘aunieladwal Yieq buiyousn)
w m_uL M;U _% o 0SS 00S O0S+ O00F 0S¢ 00¢g 0§52
S N N
@ el elNelNe A I L L L
I : |
N 0 |
-“ b © Og——tc © |
i @)
() - -
-.- L | saU)-BN O l
_ ] peppe-(6y+6I) @ ]
w ey e | |
N 14‘/
() (e)

00l

oLl

0cl1

oct

orlL

0§l

091

0Z1

081

o6l

00¢

AH / ssaupJey ead

150



"( @imesadwal SNAJOS 1, |

aamelsadwa) buibe e ) AjpAnosdsel ¢, | <& pue ,|>B] JO 8SED ay] 10}
sabueyd sssupJey pardipald moys (Z pue (| saul uayodq ay| "(8p) JEZS
=01 pue (9'q) 1 Y¥=01 wWolj siuswiesail Q°q 191e g | 104 MEZS 1. pabe
sAoj|e pappe-(By+bW) 404 suonnguasip azis a1endioaud pue sydesboidiw
uo.109[e pue (&) shoje aa.y-B|n pue pappe-(By+Bp) 404 ‘g ‘seamesadws)
U1eq Buiyousnb yiim Buibe H¢ezg ul sseupley dead jo suoneue /-, B

1

wu/ a
NQoEaAn = S/ gL feamesadwial Yieq buiyousn)
o % n_/_v % mw m.m M % %Ov n_uw o 0SS 00S 0S¥ O00F 0S¢ 00f 0S¢
58558888888 AN ARNS Anns Rannd Rannd hannd Ik
e e 6] @) oLl
Lo — .Hﬁhll[“ I.mlu B
— 0271l
z2 3 dwn/o (2 |
o ™.
£ 0gl
b o ‘/ ]
% —— o2 ol
1 m o — .
R = T ==
) | VA 051
—— 0
_ 091
L > .
2 021
= |
£ 2 - 08l
g 2a44-B|\ O i
¢ — psppe-(by+6pn) @ 061l
(°) (®) 1
I _ , _ 002

151

AH / ssaupiey dead



Figs.7.6(a) and 7.7(a).

7.4.2 S.Q.(step-quench) treatment

S.Q.(step-quench) treatment was conducted to examine the role of quenched-in excess
vacancies on the T1 phase nucleation in Al-Li-Cu alloys. Figure 7.8(a) shows the isothermal
aging curves of hardness for the (Mg+Ag)-added and Mg-free(i.e. Ag-added) alloys aged
at 463K after both W.Q. and S.Q. treatments. Compared with the Mg-free alloy, the
(Mg+Ag)-added alloy after S.Q. treatment drastically decreases the amount of age-hardening
rather than that after W.Q. treatment. From the comparison of the TEM micrographs after
both quenching treatments (Fig.7.8(b), (d)), the decrease in age-hardenability of the
(Mg+Ag)-added alloy after S.Q. treatment is found to arise from the pronounced decrease
in the precipitate number density of the T1 phase. This suggests that quenched-in excess
vacancies play an important role in the T1 phase nucleation resulting in the higher mechanical
strength of the (Mg+Ag)-added alloy. The estimated concentration of quenched-in excess
vacancies after S.Q. treatment at 673K is about 1/5-1/10 of that after W.Q. treatment from
778K (i.e. ~10%[23]). This ratio well agrees with the amounts of the T1 phase precipitation
for the (Mg+Ag)-added alloys after both quenching treatments in Fig.7.8(c), (e). The
decrease in the solute atom concentrations during S.Q. treatment is revealed to be negligible
using electrical resistivity measurement. Although the decreased electrical resistivity after
S.Q. treatment indicates that small amounts of some precipitates are formed at 673K, the

decrease is only ~2n Qm compared with that after W.Q. treatment.

7.5 Mechanism of accelerated T1 phase nucleation by Mg addition

7.5.1 Suggestions from experimental results

In general, it is well recognized that semi-coherent precipitates such as the T1 phase are
not formed by the homogeneous nucleation but formed heterogeneously because of a
decreased energy for nuclei formation. The heterogeneous nucleation sites for semi-coherent
precipitates are normally accepted to be Dsolute atom clusters, GP zones and some metastable
precipitates, and/or @secondary defects formed of quenched-in excess vacancies; e.g. small
clusters of vacancies, voids and dislocation loops. In this work, it is examined first which
of the two mechanisms works for the T1 phase nucleation in Al-Li-Cu alloys. Furthermore,
the effects of both small amounts of additional elements and quenched-in excess vacancies
are discussed based on vacancy-solute atom interactions and solute atom aggregates. Finally,

on the basis of the experimental results obtained in this work a mechanism for the T1 phase
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nucleation is proposed.

The results of D.Q. treatment described in Section 7.4.1 indicate that no precursory
structures of the mechanism (D act as heterogeneous nucleation sites for the T1 phase. If
the mechanism (D is the case, the variation in peak hardness for the (Mg+Ag)-added alloy
after D.Q. treatment (Fig.7.7(a)) should be explained in the two cases below, in which two
parameters; i.e. aging temperature 7a and solvus temperature of the precursory structure
T*, are important to describe the behavior.

i) The case of Ta<T*

If Ta is lower than T*, the precursory structures are sufficiently formed at 7q, then, the
T1 phase can nucleate on these precursors resulting in a high number density of the
precipitates. Thus, the values of peak hardness remain high at all 7b as indicated by the
broken line 1) in Fig.7.7(a).

ii) The case of Ta >T*

If Ta is higher than T*, the precursory structures formed at 76 will almost dissolve at
Ta, then, the T'1 phase must nucleate only at subgrain boundaries resulting in a low number
density of the precipitates. Thus, the values of peak hardness are low even after D.Q.
treatment from low 7b as indicated by the broken line 2) in Fig.7.7(a).

Therefore, it is concluded from the above consideration in case i) and case ii) that the
continuous decrease in peak hardness as indicated by the solid line in Fig.7.7(a) can not be

explained in terms of the mechanism (.

On the other hand, the results of S.Q. treatment described in Section 7.4.2 indicate that
the substantial amount of quenched-in excess vacancies is essential to the T1 phase nucleation
in Al-Li-Cualloys. This strongly suggests the presence of secondary defects of the mechanism
@, which act as heterogeneous nucleation sites for the T1 phase. However, even if W.Q.
treatment is applied to the Mg-free(i.e. Ag-added) alloys to introduce higher vacancy
concentrations, the T1 phase remains heterogeneous in distribution as illustrated in Fig.7.4(f),
(g). Therefore, both the substantial amounts of vacancies and small additional Mg are
necessary to stimulate the T1 phase nucleation resulting in the higher number density of
the precipitates. A Monte Carlo simulation can inquire visually into such the atomistic

events even including vacancies.

7.5.2 Monte Carlo simulation results

The detailed analysis of the T1 phase nucleation was made using nearest neighbor
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interactions for quaternary alloy systems. In this case, however, in order to investigate the
effect of small additional Ag, the Al-Cu-Mg-Ag quaternary system was applied to the
Monte Carlo simulation. The ignorance of Li has little influence on the inquiry into the T1
phase nucleation because only Mg addition can stimulate the transgranular precipitation of
the T1 phase. The utilized simulation parameters for the Al-(Li)-Cu-Mg alloys are summarized
in Table 7.1. Note that the interaction of divacancy, ¢ ,,, is also introduced because quenched-
in excess vacancies play an important role in the T1 phase nucleation as described above.
The value of ¢ , is estimated from previously reported binding energies of divacancy; i.e.
10.6-28.9kJ/mol (0.11-0.3eV)[23-26], whereas the vacancy concentration in the simulation
system is assumed to be ~7.5X 10, which is five times higher than that of pure Al at
793K (i.e. ~1.5X10™). This increased vacancy concentration is ascribed to the preferential
vacancy trapping by solute atoms at the solution temperature, resulting in the higher
number density of secondary defects; e.g. small clusters of vacancies, voids and dislocation

loops, formed in the subsequent aging treatments.

Figure 7.9 shows typical atom configurations on one atom layer of (001) plane in the
Mg- and (Mg+Ag)-added Al-(Li)-Cu alloys simulated at 433K for 5X 10°MCs. Although
Li atoms are not illustrated in these figures, it is sufficiently reasonable to consider that the
extremely rapid clustering of Li atoms also takes place as observed in the low-temperature
aging in Chapter 6. Unlike the previous cases of Al-Cu (Chapter 4), Al-Li (Chapter 5) and

Table 7.1 Ordering parameters utilized in the simulation of Al-(Li)-Cu-Mg-Ag
alloys (in kJ/mol). It should be noted that an interaction of divacancy is also taken
into account.

Al Mg Ag Cu Vacancy
Al —_— 1.18 1.29 2.20 —
Mg —_ — -1.80 0.50 —
Ag — — — 2.40 —
Cu — —_ S _ .
Vacancy 0 -8.50 2.16 0.860 -18.1
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Fig.7.9 Typical atom configurations on one atom layer of (001) plane in Mg-added(a)
and (Mg+Ag)-added(b) Al-(Li)-Cu alloys simulated at 433K for 5 X 10%MCs. The yellow,

black, red and blue circles represent Al, Cu, Mg and Ag atoms, respectively.



Al-Li-Cu (Chapter 6) alloys, however, it is obviously seen that a relatively high number
density of vacancy clusters indicated by omitted circles are formed mostly next to Mg
atoms indicated by red circles (Fig.7.9(a)). Cu atoms indicated by black circles are also
detected around these Mg/Vacancy clusters because of the strong interaction between Cu
and Mg in Table 7.1. Figure 7.10 shows the variations in number density, N, and average
size, n, of vacancy clusters during dynamical evolution of the Mg- and (Mg+Ag)-added
Al-(Li)-Cu alloys simulated at 433K. The small addition of Ag obviously affects the
formation behavior of vacancy clusters resulting in a smaller and more densely distribution.
The similar tendency is observed in the clustering behavior of Cu atoms as shown in
Fig.7.11. These results strongly suggest that a small amount of Ag increases the number
density of the T1 phase by increasing the number of Mg/Cu/Vacancy complexes, which act
as heterogeneous nucleation sites for the T1 phase, because of a strong tendency of Ag to
trap Mg atoms resulting in the suppressed diffusion of Mg. Such the effect is revealed in
the atom configuration of (Mg+Ag)-added Al-(Li)-Cu alloy in Fig.7.9(b), in which the
fourth additional Ag indicated by biue circles is most frequently detected around

Mg/Cu/Vacancy clusters.

7.5.3 Proposed mechanism on T1 phase nucleation

A new mechanism for the enhanced T1 phase nucleation by additional Mg is proposed
as follows. As strongly suggested by previously reported binding energies (Table 1.2) and
utilized simulation parameters (Table 7.1), a relatively strong Mg-Vacancy interaction will
contribute to the rapid formation of Mg/Vacancy pairs in the early stage of aging. Furthermore,
because of a strong interaction between Mg and Cu (Table 7.1) Cu atoms also intend to
combine with Mg atoms to form Mg/Cu/Vacancy complexes throughout the Al matrix. At
elevated aging temperatures higher than ~400K, therefore, these complexes extremely
stimulate the transgranular nucleation of the T1 phase because a high number density of
stacking faults are easily provided with the surrounding Cu- and presumably Li-rich regions.
Fi glire 7.12(a) shows the high-resolution lattice images of the T1 phase in the (Mg+Ag)-added
alloy aged at 433K for 18ks, which almost corresponds to the time when the hardness
starts to increase in Fig.7.2. From the stage of the precipitate nucleation, thin plates
consisting of four layers, which yield a thickness equal to one T1 unit cell[27], are observed
showing the stacking of (0001)T1 planes. This image contrast is entirely compatible with
that of the grown T1 phase as shown in Fig.7.12(b), which reveals that new four layers are
added to increase the plate thickness at growth ledges on the plates. This experimental

observation strongly supports that the stacking faults on the {111} « planes are extremely
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(o)

Fig.7.12 High-resolution lattice images of the T1
phase in (Mg+Ag)-added Al-Li-Cu alloys aged at
433K for 18ks(a) and 345.6ks(b)

160



essential and easily provided if a small amount of Mg is added to Al-Li-Cu alloys. The
proposed mechanism of the effect of Mg/Cu/Vacancy complexes, therefore, is considered
to be sufficiently probable. The simultaneous addition of Ag with Mg is also effective to
increase further the number density of Mg/Cu/Vacancy complexes because of the strong
interaction between them as suggested along the vertical axis in Fig.7.13. It should be
noted that Zn is also expected to be the effective element to improve the mechanical

properties of Al-Li-Cu alloys because of the strong interaction with Mg atoms.

The proposed mechanism; i.e. Mg/Cu/Vacancy complex mechanism, well explains the
experimental results obtained in this work. Under this mechanism, since the size distributions
of Mg/Cu/Vacancy complexes in Mg-added Al-Li-Cu alloys; e.g. (Mg+Ag)-added alloy,
are considered to be determined by the concentrations of quenched-in excess vacancies,
D.Q. and S.Q. treatments are expected to give the different size distributions of the complexes
depending on Tb as illustrated in Fig.7.14(a). Therefore, the variation in peak hardness for
the (Mg+Ag)-added alloy after D.Q. treatment (Fig.7.7(a)) is well interpreted by the
continuous decrease in the number density of the complexes with larger sizes than an
effective critical size, r*, for the T1 phase nucleation. Under the mechanism @), on the
other hand, the number density of precursory structures formed at 7b is expected to be as
illustrated in Fig.7.14(b). At an aging temperature Ta, therefore, the available number of
nucleation sites increases with increasing 7h, which leads to contradictory results of D.Q.
treatments in Fig.7.7. Therefore, the proposed mechanism in which Mg/Cu/Vacancy
complexes play an important role in the T1 phase nucleation in Al-Li-Cu alloys is sufficiently
probable. Unfortunately, no other additional elements form such the complexes with Cu,
even if they have strong interactions with vacancies as Ge and Si (Table 1.2), because
these elemental atoms preferentially combine with Li atoms, not with Cu atoms, as predicted

from characteristic interactions in Figs.4.8 and 5.10.

7.6 Conclusions

The effects of microalloying elements and quenching conditions on the age-hardening
behavior and precipitation microstructures in an Al-5.0Li-2.3Cu-0.04Zr (in mol%) alloy
were investigated at aging temperatures from 403 to 523K using hardness measurement
and transmission electron microscopy. Six types of alloys; i.e. the Ag-, Ge-, Zn-, Si-, Mg-
and (Mg+Ag)-added alloys, were prepared and three different quenching conditions; i.e.
W.Q.(water-quench), D.Q.(direct-quench) and S.Q.(step-quench) treatments, were applied.
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Number density of Mg/Cu/

Vacancy complexes
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(463K) /\r*(523K)
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Number density of solute-
clusters and/or GPzones
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Fig.7.14 Schematic illustrations of nuclei size distri-
butions for the T1 phase in Al-Li-Cu alloys after D.Q.
treatment at different quenching bath temperatures,
Tb1,Tb2 and Tb3 (Thb1< Th2<Tb3). (a) Mg/Cu/Vacancy
complexes and (b)solute-clusters and/or GP zones.
Note that the vacancy concentration increases with
decreasing Th. (r* :critical size).
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The obtained results are summarized as follows.

(1) A small amount of additional Mg to the quaternary alloy markedly stimulates the T1
phase precipitation resulting in an enhanced age-hardening at elevated aging temperatures
higher than ~400K. This is because that Mg/Cu/Vacancy complexes act as heterogeneous
nucleation sites for the T1 phase. Such situations can be directly observed in atom

configurations during the simulation.

(2) In contrast, Ag-, Ge-, Zn- or Si-added Al-Li-Cu-Zr alloy exhibits the similar
microstructure to that in the quaternary alloy, which composes of GP zones and/or the 8’
phase with the coarsened T1 phase only at subgrain boundaries. This is because no complexes

including Cu atoms and vacancies are formed in these alloys.

(3) The variations in the T1 phase distribution with 7b (quenching bath temperature) in
D.Q treatment can not be explained by the nucleation mechanism relating to solute atom
clusters and/or metastable precipitates, but can reasonably explained by the size distributions
of Mg/Cu/Vacancy complexes determined by the introduced concentrations of quenched-in

excess vacancies.
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Chapter 8
Prediction of Effects of Microalloying Elements and
Application to Alloy Designing of New Al-Li-Cu Base Alloys

8.1 Effects of microalloying elements on mechanical properties of alloys

In general, small amounts of metallic elements inevitably get mixed in alloys not only
as microalloying elements but also as impurities from ingots and/or crucible. Especially
from a commercial application point of view, therefore, it has been extremely required to
elucidate the detailed effects of these elements on mechanical properties of alloys. Although
the considerable number of investigations on microalloying additions have been made for
various alloy systems so far, most of them were conducted with a great deal of effort in a
haphazard way, in a manner of speaking. Recently, some theoretical approaches[1-8] were
also proposed to predict the effects of microalloying elements, but they mainly address the
microstructure changes induced by the microalloying additions rather than the improved
mechanical properties of the alloys. In this work, as an alternative and effective approach
to the latter purpose, a computer simulation using a Monte Carlo method has been applied
to each case of Al-Cu, Al-Li and Al-Li-Cu alloys containing various additional elements.
The obtained simulation results are well classified in terms of the characteristic features of

each microalloying element in these alloys.

8.1.1 Classification of effects of microalloying elements

In this work, some unsolved problems in the investigated alloys were taken up and
those mechanisms were proposed based on a theoretical approach using a Monte Carlo
simulation. In particular, the characteristic effects of Mg addition, which include both the
accelerated nucleation of GP zones and the T1 phase and the suppressed growth of GP
- zones and the 0’ phase, were revealed for the first time by taking into account the roles of
additional Mg and quenched-in excess vacancies. The classification of the predicted effects
of each microalloying element in Al-Cu, Al-Li and Al-Li-Cu alloys is summarized in
Table 8.1. Not only good agreement with previously reported results (Tables 4.3 and 5.5)
but also first prediction for previously never reported elements is a most important result
obtained in this work. These results are entirely ascribed to the utilized simulation parameters,
which were derived from characteristic quantities of each element in Chapter 3. Although
few reported values of maximum solubility of solute elements in pure Li unfortunately

decrease the number of predictable elements, the pronounced effects of Mg are well
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explained by simultaneous strong interactions with both Li and Cu as shown in Fig.8.1. Zn
is also expected to be the second effective element to improve the mechanical properties of
Al-Li-Cu alloys as illustrated in Figs.7.13 and 8.1. As for the effect of Mg on the suppressed
growth of GP zones and the O’ phase, in contrast, the preferential vacancy trapping
mechanism{9] is applicable similarly to the well-known cases of Sn, In and Cd because the
utilized interactions between a solute atom x and a vacancy; i.e. ordering parameter Vv-x,
(Figs.4.8 and 5.10), are qualitatively well compatible with experimentally reported binding
energies(Table 1.2). In order to inquire atomistic events never detected using any available
experimental methods, therefore, the Monte Carlo simulation is proved to be sufficiently

effective if reliable interactions can be utilized.

8.1.2 Extension of the simulation model to other alloy systems

The utilized simulation model appears to be applicable to other alloy systems. Even
only in Al base alloys, clustering processes of solute atoms are observed in Al-Ag and
Al-Zn systems, whereas ordering processes of L12-type structures take place in Al-Zr and
Al-Sc systems. Under a regular solution approximation, the corresponding phase diagram
provides reasonable interactions between the constituent two atom species. As for maximum
solubilities of solute elements in pure Li, few values were unfortunately reported resulting
in the decreased number of predictable elements in this simulation model(Table 3.6).
However, the absence of experimentally reported phase diagrams may be substituted with
the Computer Calculation of Phase Diagram (CALPHAD) method[10]. The interactions
between non-metallic atom species is also another problem. Since the proposed parameter
derivation method in Chapter 3 is valid only for crystal structures of fcc, hep and bec,
microalloying elements having other crystal structures can not be estimated. In fact, under
the same derivation method Si or Ge has an anomalous strong interaction between the
same atom species, which forms clusters even at solution treatment temperatures during
the simulation, as suggested in Fig.5.6. Therefore, the extension of the utilized simulation
model to a wide range of alloy systems requires a further improved derivation method of

accurate interatomic interactions.

8.2 Concept for alloy designing of new high strength Al-Li-Cu alloys
In this work, according to the obtained theoretical prediction on the role of microalloying
elements, a concept for alloy designing of new high strength Al-Li-Cu alloys was proposed.

As described in Chapter 1, to propose the concept is one of major objectives in the present
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thesis. The concept of alloy designing is composed of (Dthe control of Cu and Mg contents,
@)the selection of microalloying elements and (3the optimization of applied solution

treatment temperatures.

8.2.1 Optimization of alloy composition
From the results in the preceding chapters, the role of each elementin Al-Li-Cu-Mg-Ag-Zr
alloys and its desirable content are summarized as follows.

Li : Although higher concentrations are desirable for high specific strength and
low density of the alloys, a reported optimum amount of 1.3mass% (4.8mol %)

[11] was selected in order to avoid the ¢’ phase formation, which results in
a low ductility and low fracture toughness of the alloys due to the superlattice
dislocation mechanism (i.e. planner sliding of dislocations).

Cu : For good age-hardenability and weldability, a relatively high content was
selected despite less superiority of density because these properties are entirely
attributed to Cu-bearing precipitates; i.e. GP zones and the T1 phase.

Mg : The pronounced effects on the increased mechanical strength of Al-Li-Cu
alloys are quite essential because any other microalloying elements can not
achieve the same high strength as that of Mg-added alloys.

Ag : Under the artificial aging condition, the simultaneous addition with Mg is
extremely effective to increase the number density of the T1 phase, resulting
in the higher mechanical strength of the alloys.

Zr : The dispersoid formation of 3’ particles significantly decreases grain size
resulting in the increased mechanical strength of the alloys.

Since the effectiveness of small amounts of Ag and Zr was already established in the
preceding chapters, only optimum contents of constituent Cu and Mg have been controlled

in this work.

8.2.2 Selection of microalloying elements

For the optimum alloy composition described in the preceding section, further
improvement of mechanical properties of the alloy was intended by means of microalloying
additions. In this work, from the theoretical prediction using a Monte Carlo simulation, Zn
was selected as a most potent microalloying element to increase the mechanical strength of
Al-Li-Cu-Mg-Ag-Zralloys. Asillustrated in Fig.7.2, the Zn-added Al-Li-Cu-Zr alloy reveals
the most increased peak hardness in 433K aging except for two Mg-bearing alloys; i.e.

(Mg+Ag)-added and Mg-added alloys. This is presumably attributed to the simultaneous
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strong interactions of Li-Zn and Cu-Zn pairs as shown in Fig.8.1. It should be noted that
no other additional element simultaneously correlates with Li and Cu atoms within predictable
elemental species in Fig.8.1. The Zn addition to Al-Li alloys is also reported to improve
further both the SCC (stress corrosion cracking) resistance and exfoiliation corrosion

resistance of the alloys[12].

In general, Al-Li alloys suffer from both the low fracture toughness in the short-transverse
(S-L) direction and the anisotropy of mechanical properties[13, 14]. The significant difference
in the yield strength between the longitudinal(L) and long transverse(L-T) orientations is
reported to be as much as 240MPa for the 2090 alloy[15], which limits a wide range of
commercial applications because minimum properties in all orientations must be considered
in designing of structural components. These properties are mostly attributed to
crystallographic textures, which are developed during rolling and the subsequent heat
treatments. Although Zr is one of the most effective elements to retard recrystallization of
Al alloys, this effect is generally so strong that the pronounced mechanical anisotropy
remains even in the final products. Mn or Cr is a next candidate for the recrystallization
inhibitor which reveals the medium effect on the microstructural refinement of Al alloys.
In this work, Mn was selected as the second microalloying element to improve the mechanical
anisotropy of Al-Li-Cu-Mg-Ag-Zr alloys. This selection is also on the basis of the theoretical
prediction in Fig.4.8, which suggests the strong interaction between Mn and Cu atoms

resulting in a somewhat modified Cu-bearing precipitate formation.

8.2.3 Optimization of applied solution treatment temperatures

As for the low fracture toughness of Al-Li alloys, the optimization of applied solution
treatment temperatures is quite effective because the crack initiation to failure generally
takes place at coarsened grain-boundary precipitates in alloys. In the investigated Al-Li-Cu
base alloys, solution treatments at 778K can not completely achieve the « single-phase
structure because of the high concentrations of alloying elements. Lynch[13] reported that
the brittle intergranular fracture in the 8090 alloy is attributed to both the large area
fraction of Li-segregated grain-boundary precipitates and the soft precipitation free zone
(PFZ) adjacent to grain‘boundaries. Therefore, it is beneficial that applied solution treatment
temperatures are raised as high as possible without partial melting of some compounds. In
this work, the results of differential scanning calorimetry (DSC) determine an optimum

solution treatment temperature for the investigated Al-Li-Cu-Mg-Ag-Zr alloys.
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8.3 Development of new high strength Al-Li-Cu alloys

8.3.1 Experimental Procedures

The alloys utilized in this chapter were supplied by Alithium Limited. Six type Al-Li-
Cu-(Mg)-Ag-Zr alloys and one developed Al-Li-Cu-Mg-Ag-Zn-Mn-Zr alloy were prepared
from high-purity materials under Ar gas atmosphere followed by continuous casting. The
chemical compositions of the alloys are listed in Table 8.2 together with the variations in
Cu and Mg contents (Fig.8.2). For simplicity, an alloy containing x mol%Cu and y mol%Mg
is designated as xCu -yMg alloy, whereas the equivalent alloy containing Zn and Mn is

designated as xCu -yMg-Zn-Mn alloy, respectively.

All the ingots were homogenized by two steps; i.e. 723K for 86.4ks and 773K for
21.6ks, and fabricated to 1.6mm-thick sheets through hot- and cold-rolling. Solution
treatments were carried out in a salt bath at 778K or 793K for 1.8ks followed by water
quenching at ~298K. 793K is the optimum solution temperature determined by differential
scanning calorimetry (DSC). The subsequent aging treatments were performed at 433K for
various aging times. The specimens for DSC measurement were prepared from the fabricated
sheets with dimensions of ¢ 4.0mm X 1.6mm'and weight of ~50mg. The DSC measurement
was carried out at a heating rate of ~0.33K/s under Ar gas atmosphere. Scanning electron
microscopy (SEM) was also performed at an accelerating voltage of 10kV for as-polished
specimens etched for 2s with Tucker’s regent; i.e. HCI 15, HNO3 5, HF 5 and H20 75. The
other experiments in this'chapter; i.e. hardness measurement, tensile test and transmission

electron microscopy, were performed in the same manner described in Chapter 2.

Table 8.2 Chemical compositions of the alloys utilized in this chapter (mol%).

Alloys Li Cu Mg Ag Zr Zn Mn Al
1.7Cu-0.6Mg 5.04 1.75 0527 0.0866 0.0439 — — bal.
1.7Cu-1.2Mg 6.03 1.72 1.17  0.0957 0.0406 — — bal.
1.7Cu-1.8Mg 5.44 1.70 1730 0.0961 0.0408 — — bal.

2.3Cu-0Mg - 5.23 2.39 — 0.0948 0.0443 — — bal.
2.3Cu-0.6Mg 5.27 233  0.553 0.0972 0.0471 — — bal.
23Cu-1.2Mg 5.67 2.30 1.20  0.0968 0.0411 — — bal.

2.3Cu-0.6Mg-Zn-Mn ~ 5.29 234  0.667 0.0951 0.0444 0.0207 0.221 bal.
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8.3.2 Optimization of Cu and Mg contents

Figure 8.3 shows isothermal aging curves of hardness for the 1.7Cu-0.6Mg, 1.7Cu-1.2Mg
and 1.7Cu-1.8Mg alloys aged at 433K. In the case of the constant Cu content of 1.7mol%,
the increased Mg content decreases the values of peak hardness. This pronounced difference
in the age-hardenability is well explained by the precipitate microstructures in Fig.8.4,
which reveals the remarkable change of strengthening phases from GPB zone and Ti
(1.7Cu-0.6Mg and 1.7Cu-1.2Mg alloys) to S’ (1.7Cu-1.8Mg alloy). These results confirm
that much content of Mg against 1.7mol%Cu produces the lath-shape S’ phase, which is
heterogeneously formed with a low number density, resulting in the decreased hardness of
the 1.7Cu-1.8Mg alloy. If Mg is not added at all, however, the age-hardenability becomes
decreased as suggested in the case of the 2.3mol%Cu content. Figure 8.5 shows isothermal
aging curves of hardness for the 2.3Cu-OMg, 2.3Cu-0.6Mg and 2.3Cu-1.2Mg alloys aged
at 433K. The absence of Mg significantly brings about the lower peak hardness because of
the heterogeneous precipitation of the T'1 phase at subgrain boundaries as shown in Fig.8.6(c).
The mechanism of the T1 phase nucleation in Mg-bearing Al-Cu-Mg alloys is proposed in
Chapter 7. From the comparison between the values of peak hardness, therefore, the
2.3Cu-0.6Mg alloy was selected as an optimum combination of Cu and Mg contents to the

investigated Al-Li-Cu-Mg-Ag-Zr alloys.

8.3.3 Effects of microalloying elements of Zn and Mn

The additions of Zn and Mn are quite effective to improve the mechanical properties of
Al-Li alloys such as the fracture toughness and mechanical anisotropy. As shown in
Fig.8.5, the peak hardness of the 2.3Cu-0.6Mg-Zn-Mn alloy is significantly higher than
that of the 2.3Cu-0.6Mg alloy, which was selected as the highest strength Al-Li-Cu alloy
with optimum Cu and Mg contents in the preceding section. The increment in the peak
hardness by additions of Zn and Mn; i.e. ~HV20, directly reflects the higher tensile
strength of the 2.3Cu-0.6Mg-Zn-Mn alloy. Figure 8.7 shows tensile properties in three
orientations of the 2.3Cu-0.6Mg and 2.3Cu-0.6Mg-Zn-Mn alloys aged at 433K for 346ks.
Here, L, 45° and L-T refer to the longitudinal, 45° from the rolling direction and long-
transverse orientations, respectively. Not only the increased tensile strength in all orientations
but also the improved properties of both the ductility in the L-T direction and the mechanical
anisotropy obviously prove the success of Zn and Mn additions. The latter improvement is
presumably attributed to the dispersoid formation as shown in the bright field TEM image
for the 2.3Cu-0.6Mg-Zn-Mn alloy aged at 433K (Fig.8.8(a)). The block-shaped or rod-shaped

precipitates are homogeneously distributed with the average size of ~200nm, and these
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Fig.8.8 Electron micrographs(a)(c) for 2.3Cu-0.6Mg-Zn-Mn
alloy aged at 433K for 346ks and EDS analysis profile(b) of
the block-shaped or rod-shaped precipitates in micrograph(a).
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profile of energy dispersive X-ray spectroscopy (EDS) (Fig.8.8(b)) clearly indicates that
these phases contain Al, Cu and Mn although the identification was not done. This dispersoid
formation also affects the composition of the matrix resulting in the pronounced change of
precipitate microstructures; i.e. from a mixture of GP(2) zone and the T1 phase (2.3Cu-0.6Mg
alloy (Fig.8.6(b)) to only the T1 phase (2.3Cu-0.6Mg-Zn-Mn alloy (Fig.8.8(c)). As for the
effect of Zn, on the other hand, the EDS analysis unfortunately failed to detect any Zn-rich
regions. However, the increased mechanical properties of the 2.3Cu-0.6Mg-Zn-Mn alloy
appear to be responsible for the more densely formation of the T1 phase by the microalloying

addition of Zn as theoretically predicted in Chapter 7.

8.3.4 Optimization of applied solution treatment temperatures

In general, most of Al-Li-Cu-Mg-Zr alloys are applied to solution heat-treatments at
around 778K because the eutectic temperature of Al-Al2Cu( 8 )-Al2CuMg(S) is located at
781K. Depending on the Cu/Mg ratio (in mass%), however, coexisting stable phases in the

Al-Cu-Mg system are reported to be transformed as follows[16].

8:1 4:1¢ 1.5:1

AR Ca(D) AT2Cu(0), Al Cubg(S) AlZCublg(S)
In the case of the investigated Al-Li-Cu-Mg-Ag-Zr alloys, the Cu/Mg ratio of 11:1 (in
mass%) is too high to form the S phase. In fact, the bright field TEM images for the
2.3Cu-0.6Mg alloy after solution treatment at 778K (Fig.8.9) reveal no existence of the S

Ale Cublga(o)

phase resulting in any other equilibrium phase region; e.g. AlRLiCu(T 1)-Al6eLizCu(T?2) or
AlsLi3Cu(R)-unknown phase. This is also confirmed by the result of DSC measurement in
Fig.8.10, which indicates that no partial melting of some stable phases occurs up to ~
793K. Therefore, 793K can be sufficiently selected as an optimum solution treatment
temperature for the investigated Al-Li-Cu-Mg-Ag-Zr alloys. Figure 8.11 shows isothermal
aging curves of hardness for the 2.3Cu-0.6Mg alloys aged at 433K after solution treatments
at 778 and 793K. The increased solution temperature obviously contributes to the higher
peak hardness because of the decreased volume fraction of insoluble phases after solution
treatments(Fig. 8.12). The results of tensile test clearly confirm the effectiveness of the
increased solution treatment temperature on the improvements of both the ductility in the
L-T direction and the mechanical anisotropy (Fig.8.7(a) and 8.13(a)). As a consequence of
the proposed concepts of alloy designing, the highest tensile strength of 656MPa in the L
direction is achieved in the Al-5.3Li-2.3Cu-0.6Mg-0.1Ag-0.04Zr-Zn-Mn (in mol%) alloy
solution-treated at 793K as shown in Fig.8.13(b).
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Fig.8.12 SEM micrographs for 2.3Cu-0.6Mg alloys after
solution treatments at 778K for 1.8ks(a) and 793K for
1.8ks(b).
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8.4 Conclusions
In this chapter, the simulation results obtained in this work were classified in terms of
the characteristic features of each microalloying element. From the theoretical prediction |
on the role of microalloying elements, a concept for alloy designing of new high strength
Al-Li-Cu alloys is proposed. The concept is composed of the control of Cu and Mg
contents, the selection of microalloying elements and the optimization of applied solution

treatment temperatures. The obtained results are summarized as follows.

(1) In order to inquire such atomistic events as the nucleation and growth of precipitates,
which have been never detected using any available experimental methods, a Monte Carlo
simulation is proved to be sufficiently effective if reasonable interactions can be estimated.
The proposed simulation models with parameters derived from characteristic quantities of

each element appear to be applicable to other alloy systems.

(2) In the case of the combination of 2.3mol%Cu and 0.6mol%Mg, an Al-5.3Li-Cu-
Mg-0.1Ag-0.04Zr (in mol%) alloy exhibits the highest value of peak hardness in 433K
aging. The results of tensile test, however, still indicate both the low ductility in the

long-transverse(LL-T) direction and the mechanical strength anisotropy of the alloy.

(3) The microalloying additions of Zn and Mn are extremely effective to improve the
mechanical properties of the Al-Li-2.3Cu-0.6Mg-Ag-Zr alloy. Not only the increased tensile
strength in all orientations but also the improved properties of both the ductility in the L-T
direction and mechanical anisotropy are successfully achieved by microalloying elements
of Mg and Ag. The latter improvement is mainly due to the dispersoid formation of
Al-Cu-Mn compounds, which are homogeneously distributed with the average size of ~
200nm. The increased tensile strength, on the other hand, appears to be almost responsible

for the more densely formation of the T1 phase by the microalloying addition of Zn.

(4) The increased solution treatment temperature; i.e. from 778K to 793K, contributes
to increase the peak hardness of Al-Li-Cu base alloys because of the decreased volume
fraction of insoluble phases after solution treatments. The results of tensile test clearly
confirm the effectiveness of the increased solution temperature on the improvements of
both the ductility in the L-T direction and the mechanical anisotropy with the highest
tensile strength of 656MPa(L direction) in the newly developed Al-5.3Li-2.3Cu-0.6Mg-
0.1Ag-0.04Zr-Zn-Mn (in mol%) alloy.

187



References

[1] H.Adachi and S.Imoto: Bulletin of Japan Inst. Metals, 17 (1978), 490.

[2] M.Morinaga, N.Y ukawa and H.Adachi: Bulletin of Japan Inst. Metals, 23 (1984), 911.
[3] M.Morinaga, N.Yukawa and H.Adachi: Bulletin of Japan Inst. Metals, 27 (1988), 165.
[4] R.Ninomiya, H.Y ukawa and M.Morinaga: J. Japan Inst. Light Metals, 44 (1994), 171.
[5] S.Yamamoto, M.Mizuno and H.Kobayashi: J. Japan Inst. Metals, 57 (1993), 402.

[6] S.Yamamoto, T.Wakabayashi and H.Kobayashi: J. Japan Inst. Metals, §7 (1993), 1367.
[7] S.Yamamoto: J. Japan Inst. Light Metals, 44 (1994), 733.

[8] M.Takeda and H.Oka and I.Onaka: Phys. stat. sol. (a), 132 (1992), 305.

[9] H.Kimura and R.R.Hasiguti: Acta metall., 9 (1961), 1076.

[10] For example, T.Mohri: Bulletin of Japan Inst. Metals, 28 (1989), 268.

[11] TJ.Langan and J.R.Pickens: Proc. 5th Int. Al-Li Conf., (1989), 691.

[12] K.Kobayashi, S.Ohsaki, A.Kamio, T.Sato and Y.Tsuji: J. Jpn. Inst. Light Metals, 42
(1992), 211.

[13] S.P.Lynch: Mater. Sci. Eng. A, A136 (1991), 25.

[14] F.W.Gayle, W.T.Tack, G.Swanson, F.H.Heubaum and J.R.Pickens: Scripta Metall.
Mater., 30 (1994), 761.

[15] K.P.Armanie, G.Kuhlman, R.Rioja and A.Chakrabarti: Aluminum-Lithium Alloys
Suitable for Forgings, US Patent 5, (1992).

[16] L.F.Mondolfo: Aluminum Alloys: Structure and Properties, BUTTER WORTHS,
London, (1976).

188



Chapter 9
Conclusions

The objectives of the present thesis described in Chapter 1; i.€.

(D to elucidate the role of microalloying elements on the mechanical strength
and precipitate microstructures of Al-Li-Cu alloys

and

(2 to propose a new high strength Al-Li-Cu alloy based on a theoretical

prediction from the results of a Monte Carlo simulation

are successfully achieved throughout the previous chapters. In this chapter, conclusion
remarks of the present thesis are summarized based on both the obtained results and

discussion described in each chapter.

In Chapter 2, the pronounced effects of a simultaneous addition of Mg and Ag on the
mechanical properties and precipitate microstructures of an Al-Li-Cu-Zr alloy are revealed
under various aging conditions. Transmission electron microscopy (TEM) analysis attributes
the increased mechanical strength to the accelerated nucleation of GP(1) zone and the T1
phase by the microalloying additions of Mg and Ag. The two-stage increase in electrical
resistivity at below ~373K suggests that the simultaneous formation of GP(1) zone and
the 0’ phase (and/or its precursory precipitates) takes place during phase decomposition
in the multicomponent Al-Li-Cu alloys. These experimental results lead to the reason why

simple Al-Cu and Al-Li binary alloys were investigated first in Chapters 3 and 4.

In Chapter 3, after the descriptions of both fundamentals and conditions of the utilized
simulation models, simulation parameters are derived from the knowledge of experimental
thermodynamic or kinetic quantities. A Monte Carlo simulation is proved to be sufficiently
effective to inquire atomistic events occurring in alloys, which have been never detected
using any available experimental methods. The calculated electrical resistivity from the
obtained simulation results establish the reliability of the utilized simulation models by

comparing with experimentally measured electrical resistivity.

In Chapter 4, the effects of third additional elements on the formation behavior of GP
zones in an Al-Cu alloy have been investigated in the temperature range from 278 to

373K. In particular, slightly complicated effects of small additional Mg are revealed for
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the first time in the present thesis. The Monte Carlo simulation reveals that additional Mg
preferentially traps free-vacancies available for Cu diffusion and also affects the nucleation
behavior of GP zones with the aid of Mg/Cu/Vacancy complexes. Such the effects can be
frequently observed in atom configurations during the simulation. In contrast, additions of
Ag and Zn exert no marked influence on the kinetics of the GP zone formation in Al-Cu
alloys. This pronounced difference in phase decomposition behavior is well explained in

terms of the characteristic features of each microalloying element.

In Chapter 5, the effects of third additional elements on the kinetics of low-temperature
precipitation in an Al-Li alloy have been investigated at temperatures from 278 to 373K.
The obtained resistivity changes well demonstrate phase decomposition stages previously
observed in Al-Li alloys. The extended simulation model, in which pair interactions between
up to second nearest neighbor atoms are taken into account, reveals the similar effect of
Mg to that in Al-Cu alloys; i.e. the so-called vacancy-trapping effect. This is because that
Mg atoms preferentially trap free-vacancies available for Li diffusion to form ordered
structures due to the relatively strong interaction with vacancies. Such situations can be
frequently observed in atom configurations during the simulation. As for the substitution
behavior of third additional atoms within a L12-type ordered structure, Ag and Cu exhibit a
strong tendency toward substituting Al-sites of the ordered structure, whereas Mg and Zn

have a feasibility of both site substitutions.

In Chapter 6, the effects of various additional elements on the age-hardening behavior
and precipitate microstructures of an Al-Li-Cu-Zr alloy have been investigated in the
temperature range from 278 to 373K. From the atomistic analysis using a Monte Carlo
simulation, the characteristic decomposition mechanism in Al-Li-Cu-Zr alloys is revealed
in the comparison with the simple Al-Cu (Chapter 4) and Al-Li (Chapter 5) binary alloys.
A small addition of Mg to Al-Li-Cu-Zr alloys markedly accelerates the GP(1) zone nucleation
resulting in both an enhanced age-hardening and more rapid increase in resistivity. This is
well explained by taking into account an important role played by Mg/Cu/Vacancy complexes,
which significantly increase the nucleation rate of GP zones with decreased activation

energies.
In Chapter 7, the effects of various additional elements on the age-hardening behavior

and precipitate microstructures of an Al-Li-Cu-Zr alloy have been investigated in the

temperature range from 403 to 523K. In particular, a small addition of Mg, which is most
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effective to improve the mechanical properties of the quaternary alloy, is closely related to
the nucleation mechanism of the T1 phase. From the difference in the T1 phase distributions
between three quenching conditions; i.e. W.Q.(water-quench), D.Q.(direct-quench) and
S.Q.(step-quench), the substantial amount of vacancies are found to be required for the T1
phase nucleation. This strongly supports that Mg/Cu/Vacancy complexes act as
heterogeneous nucleation sites for the T1 phase. In fact, such situations can be directly
observed in atom configurations during the simulation. In contrast, Ag, Ge, Zn and Si
additions exhibit the similar microstructures consisting of GP zones and/or the &’ phase
with the coarsened T1 phase only at subgrain boundaries to that of the quaternary alloy.
This is because no complexes including both Cu atoms and vacancies are formed in these
alloys as predicted based on a theoretical prediction from the obtained results of a Monte

Carlo simulation.

In Chapter 8, the obtained simulation results in the present thesis were classified in
terms of the characteristic features of each microalloying element. The proposed simulation
models appear to be applicable to other alloy systems. From the theoretical prediction on
the roles of microalloying elements, furthermore, a concept for alloy designing of new
high strength Al-Li-Cu alloys is proposed. The concept is composed of the control of Cu
and Mg contents, selection of microalloying elements and optimization of applied solution
treatment temperatures. As a consequence of these alloy designing methods, the highest
tensile strength of 656MPa in the L (longitudinal) direction is achieved in a newly developed
Al-Li-Cu-Mg-Ag-Zr-Zn-Mn alloy.
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ABSTRACT OF THE PRESENT THESIS

As a new light material for the 21st century, Al-Li-Cu alloys have been received
considerable attention because of their excellent combination of high specific strength and
low density. The small additions of alloying elements; e.g. Mg and Ag, are extremely
effective in achieving the ultra-high strength of the alloys due to the enhanced nucleation
of strengthening phases. The present thesis aims to elucidate the roles of microalloying
elements on the mechanical strength and precipitate microstructures of Al-Li-Cu alloys.
The microstructures observed with transmission electron microscopy (TEM) and hardness
changes indicate that a small amount of Mg markedly accelerates the nucleations of both
GP zone and the T1(Al2LiCu) phase, resulting in the enhanced age-hardening. Quantitative
analysis of the precipitation kinetics by the electrical resistivity changes also reveals the
detailed effects of Mg; i.e. an accelerated nucleation and suppressed growth of the above
precipitates. This is well explained in terms of both the extremely increased number
density of Mg/Cu/Vacancy complexes and the pronounced decrease in free-vacancies
available for Cu diffusion due to the preferential vacancy trapping by Mg atoms. Such
situations are directly observed in atom configurations during the computer simulation
based on a Monte Carlo method. The proposed simulation models with parameters derived
from characteristic quantities of each element can successfully predict the role of an
arbitrary microalloying element in Al-Li-Cu alloys. The theoretical prediction led to a
concept for alloy designing of new Al-Li-Cu alloys having higher tensile strength of
656MPa.
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