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(NAVY), all of which are to be developed in the next decade.
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Section 1

INTRODUCTION

Three major new aerospace systems are to be developed in the next decade
which will have significantly advanced military capabilities. They are an
Advanced Tactical Fighter (Air Force), Vertical/Short Takeoff and Landing
Reconnaissance Airplane (Navy), and Advanced Fleet Ballistic Missile (Navy).
In each of these, improved structural materials properties are needed to
significantly improve range, payload, and service life over that which would

result from current technology.

The most common presently used structural materials in aerospace systems are
alloys of aluminum. Selective use is made of other metals and alloys such as
high strength steel and titanium, magnesium, and various composite materials.
In order to significantly improve operational effectiveness of new aerospace
weapons systems, any new materials developed must be stronger or stiffer than
materials currently available. 1In order to identify those property goals
which would have a maximum payoff in these new systems, design trade-off
studies have been and are being performed. These studies include advanced
aluminum alloys, titanium alloys and composites. Two important considerations

in these studies are pertinent to the present work:

(1) Improved aluminum alloys are of major interest to aerospace manu-
facturers because of the extensive existing manufacturing technology

and capability directly suitable for this class of alloys.

(2) The development of improved aluminum alloys which exhibit significantly

higher stiffness and/or strength properties is technically feasible.
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1.1 Objective

The major objective of this program is to determine the feasibility of develop-
ing aluminum alloys from rapidly solidified powders having significant
improvements in mechanical properties for aerospace structural applications.
Specific objectives include (1) the determination of properties of unique
aluminum alloys prepared from rapidly solidified powders, and the determination
of the degree to which these properties are superior to commercially available
alloys, (2) the prediction of benefits of weight, payload, and service life

of the unique alloys for typical aircraft, missile, and space systems, (3) the
identification of promising alloys for further development, and (4) recommenda-
tion of plans for major development of new aluminum alloys and structural forms

pertinent to the aerospace industry.

1.2 Problem

Improvement in currently available materials is seriously limited by basic
physical and mechanical metallurgy. Alloying of aluminum to significantly
increase strength above that exhibited by 7075-T6 results in a serious loss in
fracture toughness and stress corrosion resistance. For these reasons, 7079
and 7178 alloys, for example, have not been of practical use to aerospace
designers even though they exhibit a 30 to 40 percent increase in strength
over commonly used alloys. Ultra high specific strength or stiffness metals
such as beryllium, steels and titanium alloys are either too expensive or too
low in toughness to replace aluminum alloys in current applications. Develop-
ment of graphite-aluminum metal matrix composites promises to contribute
significant structural efficiency where uniaxial or biaxial properties suffice
and where its low bearing strength is not a penalizing deficiency. However,
graphite-aluminum composites are not useful where triaxial tensile, in-plane
shear, or bearing loads are major factors of the structural design due to low

fiber-matrix interfacial bond strength.

Thus, major advances in the usefulness of new aerospace systems are expected
from development of unique monolithic aluminum alloys exhibiting higher
strength, stiffness, toughness, and fatigue behavior and lower density and

susceptibility to stress corrosion cracking.




1.3 Approach

An important degree of freedom in developing new alloys exhibiting improved
properties is obtained by rapid solidification from the melt. Compositions
and grain sizes not possible by conventional casting can be obtained by
solidification rates of at least 105 °K/sec. This has been demonstrated by
quenching a thin stream or small droplets of liquid metal in gas, liquid or
impingement on a chilled solid surface. Small lots of a variety of metals
and alloys have been produced under laboratory conditions then consolidated
by hot pressing and extrusion, and unique micrestructures and properties
appear to be achieved. However, for aluminum alloys, no systematic study
had been undertaken to evaluate the feasibility of this approach or to pre-
dict the impact on weapon development or nature of warfare, presuming
significant improvement in properties is obtained in a scale suitable for
full-size structures applications. The work reported herein is a study of
the feasibility of developing aluminum alloys from rapidly solidified powders
having significantly improved properties.

This study consists of four tasks. Task I involves a survey of current
technology in rapidly-quenched aluminum powders. Task 1I is an evaluation
of unique, promising alloy compositions. Task III is a series of design
tradeoff studies to predict potential gains in selected aerospace structural
applications of new alloys achieving pertinent property improvements. Task
IV includes an analysis of the results of the first three tasks and the

development of a detailed plan to exploit new aluminum alloys produced from

rapidly-quenched powders.




Section 2

SURVEY OF CURRENT TECHNOLQGY

2.1 Rapid Solidification

In recent years a considerable background of information has been published

on the improved structures and properties obtained by the rapid quenching of
alloys from the melt. A summary of recent information is given in the
Proceedings of the Second International Conference on Rapid Quenching held

in November 1975 at M.I.T. (1,2). Rapid quenching can be achieved by a
variety of methods ranging from gas or water atomization to metallic substrate
(splat) quenching. The cooling rates obtained during solidification, esti-
mated for example by measurement of dendrite arm spacings (3,4), range from
100-103 K/sec. for gas atomization, to 106-109 K/sec. for various splat
methods. The quenching rates of interest in the present study are those
which produce microcrystalline structures showing improved mechanical
properties, and in rapidly quenched aluminum alloys they range from 103-10°
K/sec. The most significant benefits achievable from these microcrystalline

structures are as follows.

o0 Decreased Grain Size

There is a progressive decrease in grain size with increasing cooling
rate, and grain sizes of < lum can be obtained. The decrease in

grain size increases both strength and toughness.

o Increased Solid Solubility

Quenching from the melt increases solid solubility, often by orders
of magnitude compared to equilibrium conditions. These increases
can produce unique alloy structures, new precipitated phases and

large increases in volume fraction of precipitate during aging.




o Elimination of Segregated Phases

Rapid quenching can either eliminate the complex intermetallic
particles which form in conventionally cast aluminum alloys (e.g.
AlCuMnFe intermetallics), or reduce the size of the particles which
form to give a fine dispersion of sub-micron sized particles and an

improvement in properties, particularly toughness.

2.2 Rapidly Solidified Aluminum Alloys

Studies on rapidly solidified aluminum alloys can be divided into two groups.
The first group includes studies of the rapidly solidified powder particles,
both as-solidified and after various thermal treatments; these studies include
chemical analysis, microstructure (both optical and TEM), microhardness and
lattice parameter. Of particular interest has been the identification of the
various precipitation processes by which the supersaturated solid solutions
obtained by the rapid solidification decompose into the equilibrium phases,
and correlation of the changes in microstructure with observed changes in
lattice parameter, micrchardness, etc. The second group of studies has been
concerned mainly with consolidation of the rapidly solidified powders, using
such methods as cold compaction, vacuum hot pressing, hot extrusion and cold
swaging. The resulting microstructures and physical and mechanical properties
of the bulk material have been correlated with the consolidation parameters
and heat treatments used. The aim has been to develop the consolidation
processes which provide the optimum combination of the desired mechanical
properties. In the following review of published work on rapidly solidified
aluminum alloys only the most recent or relevant papers are described and

only those which deal witﬁ alloy systems having potentially useful mechanical

properties at ambient or elevated temperature.

2.2.1 Microstructural Studies on Rapidly Solidified Powders

A summary of the papers reviewed in this section is given in Table 1.




TABLE 1
MICROSTRUCTURAL STUDIES ON RAPIDLY SOLIDIFIED ALLOYS
ALLOY SYSTEM QUENCHING COOLING RATE | PROPERTIES EVALUATED | REFERENCE
METHOD K/sec, 1 2 3 4
Al-Cr Gun 10° A J 5,6
Al-Cr,Al-Mn,Al-Cu | Gun >10° e o 7
Al-Fe,Al-Co,Al-Ni
Al-Cu Gun >10° Ve VA 8,9,10
Al-Cu Plasma Sprayed VA N4 11
Al-Fe Gun o i Vi 12
Al-Fe,Al-Fe-Mn Gun Vi 13
Al-Fe-2r
Al-Fe,Al-Ni Electron Vi 14
Al-Cr,Al-Mn Beam
Al-Mg-Si i o 15
Al-Mg,Al-Si, Arc 10*-10° &l i i 16
Al-Mg-Zr,Al-Mg-Mn Sprayed
Al -Mn o | (o A - 17
Al-Mn Gun J o 18
Al-Ni Gun of o 19
Al-Zr f o 20,21
Al-Hf v 22
* . Microstructure

S LN -
.

Microhardness
Microanalysis
Lattice Parameter




Al-Cr Alloys

Rapidly quenched Al-Cr alloys have been studied by Furrer and Warlimont (5,6).
They used a gun technique to obtain cooling rates of 106 K/sec., and studied
the microstructure and phase composition of alloys containing up to 7 at % Cr.
Six different decomposition mechanisms of the supersaturated solid solutions
were identified. Fontaine (7) also studied Al-Cr and other Al-transition
metal alloys up to 3 at %, and concluded that Cr, Mn and Cu substitute at
random for Al atoms, whereas Fe, Co and Ni form clusters responsible for the

high hardness values observed in these systems.

Al-Cu Alloys

Williams and Edington (8,9) studied the microstructural characteristics of
rapidly quenched Al-Cu alloys. They splat quenched seven alloys with copper
additions up to the eutectic (17.3 at % Cu) composition using a gun system to
obtain cooling rates of > 106 K/sec. They examined the microstructures of
as-quenched powders in the TEM and also performed high resolution microanalysis
in the TEM., Davies and Hull (10) also used a gun technique in an inert atmo-
sphere to study the microstructure of the Al-17.3 at % Cu eutectic composition.
This study showed the importance of a low-oxygen quenching atmosphere in
promoting efficient spreading of liquid particles and good thermal contact

with the quenching surface. Their quenching method was sufficiently fast to
cause the formation of amorphous phases. Krishnanand and Cahn (11) studied

the properties of plasma sprayed Al-6 at % Cu and Al-12 at 7% Cu. The aim was
to assess the usefulness of plasma spraying as a single stage process for

splat quenching and compacting on a substrate. Very high hardness values

(300 DPN) were obtained in the as-sprayed layers. They studied the hardness

as a function of aging time and temperature and found strong secondary har-

dening effects.

Al-Fe Alloys

Jones (12) studied the microhardness as a function of alloy composition for

splat-cooled Al-Fe alloys with compositions in the range 0.5 - 13 at % Fe,

and showed that the hardness increased continuously with increased alloy




content. The splats showed two different structures and the supersaturated
regions of a splat were found to be twice as hard as the other regions.
These regions in turn were twice as hard as conventionally cast material.
Jacobs and coworkers (13) examined a splat-quenched Al-8 wt. % Fe alloy, and
confirmed the presence of two different structures in as-quenched splats.
They characterized each in terms of the dispersions and types of phases
present, and investigated their decomposition behavior on annealing between
573 and 873 K. The effect on the microstructures of adding 3% Mn or 1% Zr
to the alloy was also examined. The observed microstructures and phase

transformations were correlated with microhardness measurements.

Gruhl and coworkers (14) produced rapidly quenched Al-Fe alloys (and also
Al-Ni, Al-Cr and Al-Mn alloys) by local electron beam melting followed by
rapid cooling. The Al-6% Fe alloy showed the most promising properties

especially at temperatures above 200°¢.

Al-Mg Alloys

Bose and Kumar (15) studied rapidly solidified Al-Mg-Si alloys, with composi-
tions chosen to give Mgzsi in the range 1-107% with excess Si up to 4-5%.
lattice parameter, microhardness and microstructure were studied as a func-

tion of Mgzsi content and annealing temperature.

Warlimont and Kunzman (16) studied Al-Mg, Al-Si, Al-Mg-Zr, Al-Mg-Mn commercial

filler wire alloys, in the form of arc sprayed coatings, produced with a

’
cooling rate of 104-105 K/sec. Lattice parameter, havdness, microstructure

and stress deflection measurements were made on the coated samples.

Al-Mn Alloys

Ikeda and Nishi (17) studied precipitation processes in a supersaturated
Al-3% Mn alloy obtained by rapid solidification. They measured harvdness

and lattice parameter and made x-ray diffraction and microanalysis measure-
ments., The precipitation process was very complex and four different
decomposition phases were identified, They also found that iron and silicon

impurity elements had a significant effect on the precipitation process.
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Bhat and coworkers (18) used a gun technique to produce rapidly quenched

Al-Mn alloys, and extended the solid solubility by a factor of four. The
supersaturated solid solutions were retained up to 523 K without significant
decomposition. When decomposition occurred the equilibrium Albbm phase was

precipitated.

Al-Ni Alloys

Chattopadhyay and coworkers (19) used a gun technique to splat cool an Al-7
at % Ni alloy, and used TEM to study the metastable phase tormed. This
phase was unstable with respect to plastic deformation at room temperature,

and also decomposed in 10 min., at 573 K.

Al-Z2r Alloys

Nes and Billdal (20) examined the transtormation products tormed during

rapid solidification of Al-0.8 wt. % Zr and Al-1.5 wt. % Zr. They identificd

i
a supersaturated Al-Zr solid solution. Dahl and coworkers (21) examined

three ditterent phases; the equilibrium Al‘Zr, a metastable cubic Al Jv oand

Al-1.2 % Zr alloys which were rapidly solidified in a water cooled mold.
Aging at 573-673 K caused precipitation of spherical coherent particles of
metastable cubic Aljzr. and distinct age hardening. At higher temperatures
the equilibrium Aljzr phase appeared. Repeated precipitation hardening was

found to be not possible.

AL-Ht Alloys

Ryum (22) pertormed a metallographic study ot an AL-1.78 wt. " Ht alloy atter

rapid soliditication, and high temperature annealing. Rapid soliditication
produced a supersaturated solid solution. On anncaling, the intermediate
Al‘ul phase precipitated as coherent spheres and dendrites.  On continued
nnhvnllng the equilibrium Al‘nf phase precipitated as a laminated structure

with the intermediate phase.
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2.2.2 Microstructure and Mechanical Property Measurements on ‘onsolidated

Material

A summary of the papers reviewed in this section is givea in Table 2.

Al-Cu-Mg Alloys

Lebo and Grant (23) studied the structure and properties of rapidly solidified
2024 Al alloy (Al-4.5% Cu-1.47% Mg-0.6% Mn). They used a splat method and

estimated cooling rates of up to 106 K/sec., based upon measurement of den-

drite arm spacings. The flakes were screened and then consolidated by cold
compaction, vacuum annealing and hot extrusion, using a reduction ratio of

20 to 1. The extruded material was cold swaged, solution treated, quenched
and naturally aged. The splat cooled alloy had constituent particles of

lym or finmer, compared to 5-20um for the commercial material, and ome of the
constituent phases (AlCuFeMn) was virtually eliminated by the rapid quench.
Very little coarsening of the dispersion of constituent particles occurred
during the high temperature extrusion and solution treatment stages, although
the grain size did coarsen significantly. Compared to the commercial alloy,
the splat quenched material showed 15 to 297 improvement in yield and ultimate
strength with no loss of ductility, a seven-fold increase in fatigue life at
207 MpPa (30,000 psi), and a large improvement in the 423 K stress rupture
life. The fracture characteristics were inhomogeneous due to the presence of

finely dispersed oxide films.

Al-Zn-Mg Alloys

Durand, Pelloux and Grant (24) studied the structure and properties of splat
quenched 7075-Al type alloys (Al-6% Zn-1,3% Cu-2.37% Mg-0.2% Cr), in which
modifications to the basic alloy included increases in Zn, Mg and Cu, and

in one alloy, additions of Ni and Fe. Foils were produced by splat quenching
using a copper roll method. The cooling rate was estimated to be 105—106
K/sec. by measurement of dendrite arm spacings. Some degree of supersatura-
tion occurred and resulted in rapid aging of the foils at room temperature
and below., The structure was highly refined and coarse intermetallic

particles were not formed. No Cr-rich phase could be identified and very few
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TABLE 2
|
‘ MICROSTRUCTURE AND MECHANICAL PROPERTY MEASUREMENTS ON
| CONSOLIDATED MATERIAL
!
! ALLOY SYSTEM l’ QUENCHING COOLING CONSOLIDATION METHOD PROPERTIES EVALUATED® REFERENCE
[ METHOD RATE
| K/sec. L 3L 4 5 6
! 6
\ Al-Cu-Mg Splat 10 Cold compaction, vac. N; N v \ N 23
B (2024) annealing, hot extrusion
i Al-Zn-Mg Splat 10°-10% | vac. annealing, hot Al 24
(7075) extrusion
Al-Zn-Mg Melt 105-10(‘ Cold compaction, vac. VAN RN v 25
(7075) Spinning annealing, hot pressing,
hot extrusion .
| Al-Fe Splat wb Cold compaction, annealing \ \ \ v 26
B hot extrusion
5
| Al-Fe Gun >10 Cold compaction, hot N N N N J 27
Al-Fe-2r,Al-Fe-Mn extrusion
Al-Mn-Cu Atomization o s Vv 29
Al-Mn-Cr-Mg-2n
Al-Mn Atomization Extrusion o N 30
L Al-Cu-Mg-Li Melt 106 Cold compaction, vac. hot ok af of f 47
(2024 + Li) Spinning pressing, hot extrusion
Al-Cu-Mg-Li Splat 10“ Cold compaction, hot LN I A 1 48
(2024 + Li) extrusion
5 / ‘ / :
| Al-Zn-Mg-Cu-Co Atomization 103- 107 Cold compaction, vac. v N o] ¥ 60,61
| (MA67 ,MA87) annealing,hot pressing,
| hot extrusion :
* 1. Microstructure 3. Elevated Temperature Tensile 5. Creep
| 2. Tensile 4. Fatigue 6. Corrosion/Stress Corrosion
u
Eh 1
5 +
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Fe and Si rich particles were found. Foils were solution heat treated,
quenched and aged. Resultant grain sizes were in the range 10-35um, and
all inclusions were found as a fine dispersion of particle size less than

0.5um.

Foils were consolidated by vacuum annealing followed by hot extrusion using

a ratio of 20 to 1. Some alloys were cold swaged after extrusion. Consoli-
dated material was solution treated, quenched and aged. Tensile properties
were compared with values for commercial (ingot) bar 7075-T6 and 7075 produced
from air atomized powders with a quench rate of about 105 K/sec. The alloys
with modifications of the 7075 composition had excellent tensile properties,
and were significantly stronger than 7075. The improved properties were
attributed to a finer substructure and a finer dispersion of FcAl{ type

intermetallic particles.

Mobley, Clauer and Wilcox (25) studied the properties of 7075 Al compacted
from rapidly solidified melt-spun ribbon; the cooling rate was estimated to
be 105-1()b K/sec. Material was consolidated by cold pressing, vacuunm
annealing, hot pressing and hot extrusion with a 36:1 reduction ratio.
Extruded material was heat treated to the T-6 condition, which rvesulted in
a very fine equiaxed grain size (1-10um). The mechanical properties were
compared with those of commercial material. The room temperature vield
strength and ductility were abouc 107 higher than the commercial material,
The strength level remained greater up to about 573 K. At about 673 K the
alloy exhibited superplastic tendencies (8 ~ 200%), attributed to the tine

grain size.

Al-Fe Alloys

Faninger, Merz and Winter (26) studied the elevated temperature strength, and

the corrosion resistance of Al-67 Fe and Al-8% Fe containing small additions

of Mg, Mn and Cr. Powders were produced by a splat process giving a cooling
5 6 P

rate of 10 K/sec. The powders were cold compacted, annealed at 673 K, and

B L

extruded using a reduction ratio in the range 25:1 to 38:1 The consolidated




materials showed good elevated temperature strength up to 573 K which was
attributed to dispersion hardening, and good corrosion resistance; the small
additions of Cr and Mn had beneficial effects on these properties. Thursfield
and Stowell (27) examined the properties of a splat quenched binary Al-8 wt.

% Fe alloy, and ternary alloys containing additions of Zr and Mn. The alloys
were quenched by means of a gun technique, giving cooling rates in excess of
10° K/sec. The microstructures of the same alloys were examined by TEM by
Jacobs, Doggett and Stowell (13). The alloys were consolidated by cold
compaction followed by hot extrusion. The alloys had exceptional high tempera-
ture tensile properties, and room temperature properties equivalent to those
of the strongest Al alloys available. The microstructure and room temperature
strength of the Al1-8 wt. 7% Fe alloy were stable up to 613 K. The strength of
the splat cooled alloy was substantially superior to that of an Al-8 wt. % Fe
alloy studied by Towner (28) and made by gas atomization (with a cooling rate
of 103 K/sec.), at all temperatures up to 673 K. These results were
attributed directly to the difference in cooling rate employed in the two
techniques. The elastic modulus of the alloys was also measured as a function
of temperature from 293 K to 673 K. At 293 K the modvlus was 81GPa (11.8 x
10% psi) and at 373 K 72GPa (10.4 x 10% psi). Additions of 1 wt. % Zr to the
Al-8 wt. 7% Fe alloy resulted in improved strength at all temperatures and
particulerly between 573 K and 723 K. Additions of Mn to the alloy improved
the strength at temperatures between 373 K and 523 K.

Al-Mn Alloys

Rostoker et al (29) studied the properties of Al-Mn-Cu and Al-Mn-Cr-Mg-Zn
alloys produced from consolidated powder which had been made by atomization.
The alloys showed high yield strengths and hardnesses which resisted softening
at temperatures as high as 623 K. Some alloys showed good high temperature
yield strength. Preliminary tests showed that the alloys were not susceptible

to stress corrosi~n cracking at stresses of yield strength magnitude.

Sheppard (30) studied the properties of Al-Mn alloys produced by extrusion

of atomized powders. The structure and substructure of the alloys was

13




investigated, and the properties compared with those of other alloys produced

by powder metallurgy.

2.3 Physical Metallurgy of Aluminum Alloys and Effects of Rapid

Solidification

The physical metallurgy of aluminum alloys has been recently reviewed in a
number of articles (see for example the Symposium on Advances in the Physical

Metallurgy of Aluminum Alloys 1975 (31), Staley (32), Starke (33)).

The parameters of importance which determine the mechanical properties of
high strength aluminum alloys will be reviewed here, and the extent to which
these can be significantly charged by rapid solidification in order to improve

the mechanical properties will be discussed.

The most significant metallurgical factor which influences mechanical proper-
ties is the type and distribution of second phase particles. In commercial

alloys these have been classified into three types:

(1) Constituent particles. These are Fe, Si and Cu rich inclusions 0.1 to
IOpm in dia., formed during casting. Fe and Si are usually impuritics,

whereas Cu is a deliberate alloying addition.

(2) Intermediate particles or dispersoids, rich in Cr, Mn or Zr, 0.05 to
0.5mm in size, which are used to control recrystallization and grain

growth,

(3) Precipitate particles, rich in Cu, Mg, Zn, etc., which have dimensions

from 0.0l to O0.5um, and are used to strengthen the matrix.

The role of these different particle dispersions, together with other

important parameters such as grain size, will be discussed more fully below.

High Modulus Aluminum Alloys

Significant increases in the modulus of aluminum alloys can be achieved by

the presence of a large volume fraction of a fine dispersion of second phase

4
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particles of high elastic modulus. Solid solution alloying or texture modifi-
cations can also increase the modulus, but in general to a lesser extent.

The dispersion of second phase particles can be achieved in two ways, either
as precipitates during conventional age hardening of solution treated and
quenched material, or as a relatively insoluble dispersoid which precipitates
during cooling or subsequent processing. The volume fraction is determined
by the amount of solute and by the composition and density of the precipitated

phase.

The Al-Li system is an example of the first system in which there is extensive
solid solubility of Li in Al so that the alloy can be solution treated,
quenched and aged in the conventional way, and rapid solidification is not
required to achieve a high volume fraction of precipitate. Extensive studies
have been made of this system (see Section 2.4) which shows the highest
specific modulus for a given solute content of any aluminum alloy system.

The precipitate which forms at low aging temperatures is A13Li, and very high
volume ftractions can be obtained, giving a high modulus. Difficulties have
been experienced with the Al-Li system in the conventionally cast and wrought
condition, in particular low toughness at peak strength, and segregation in
large ingots. Rapid solidification of powders should enable significant
improvements in the strength and toughness of these alloys to be achieved,

by decreasing segregation, and producing a very fine grain size.

The Al-Mn system is an example of the second type of system, with limited
solid solubility, in which conventional casting will not achieve sufficient
supersaturation to give a large volume fraction of fine precipitate. Rapid
solidification is needed to achieve this requirement. This alloy in the cast
and wrought condition has shown a higher modulus than most other aluminum
alloys (34). Rapid quenching of Al-Mn alloys will give a supersaturated
solid solution, and if the precipitation of second phase (A16Mm) can be
controlled during consolidation and subsequent processing, to give a fine
dispersion, then a high modulus and improved secondary properties should be

obtained. Other alloy systems (Al-Ca) have shown increased modulus values in
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preliminary studies (see Section 3), and would also be expected to show

significant improvements as a result of rapid quenching.

Alloys Showing Decrcased Density

Alloy elements of low density can be added to aluminum alloys to decrease

the density, and to a first approximation the final density can be calculated
from the law of mixtures (35). The common alloying elements Li, Mg, Si, and
B decrease the density and Cr, Cu, Fe, Mn, Ni, Ti and Zn result in an
increase. Li has the greatest effect in decreasing the density for a given
alloy content, and since it also has the greatest effect in increasing the
modulus, it clearly is the outstanding system for improvement in specific
modulus. In other systems in which the element forming the high modulus
phase is of high density, it may be necessary to add other clements of low

density (e.g. Mg) to decrease the final alloy density.

Alloy Elements Influencing Strength

Strengthening of aluminum alloys can be achieved by a number of difterent
mechanisms including solid solution strengthening, precipitation havdening
dispersion hardening, work hardening and use of a fine grain size. Precipi-
tation havdening is the most effective and is achieved by solution heat
treatment, quereching and aging to precipitate coherent G-P zones, partially
coherent intermediate precipitates ov incoherent equilibrium precipitates,
depending on the aging conditions. In the 2000 geries aluminum alloys Cu is
the principal alloy element and gives precipitation strengthening by :bncs,
intermediate precipitates, or the equilibrium precipitate CuAlz. In the 7000
series alloys Zn and Mg arve the principal alloying clements and provide zones

and precipitates of the Manz type.

In addition to direct strengthening which is achieved by precipitates inter-
acting with dislocation movement, alloy clements can provide indivect
strengthening by the tformation of fine stable dispersoids which stabilize ¢

fine grain structure.
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Rapid quenching of aluminum alloys can result in significant strength
increases being obtained, firstly as a result of increasing the solid solu-
bility and thereby increasing the volume fraction of precipitate which forms
on aging, and secondly as a result of the very fine grain size (~ lum) which
is well below the size (~ 5um) at which significant strengthening starts to

occur.,

Factors Affecting Fracture Toughness

Alloy elements affecting fracture toughness in aluminum alloys are predomi-
nantly those which form brittle insoluble intermetallic compounds (36).

These brittle particles fracture at low strains and initiate microvoids which
coalesce to cause failure. The role of various alloying elements in affecting
Loth strength and fracture toughness has been studied by many workers, for
example in 7178 Al alloy by Piper, et al (37), who found that Fe degraded
toughness to the greatest extent. Recent work (38,39) has shown that the most
significant elements influencing toughness of aluminum are both Fe and Si.
This has lead to the development of new alloys having the same nominal
chemistry as previous ones but with Fe and Si contents kept to an absolute
minimum, FExamples are 2124 (the counterpart of 2024) and 7475 (the counter-
part of 7075) which have the same strengths as their counterparts, but
enhanced toughness. Both the particle size and volume fraction of the
intermetallics are important and large particles are particularly detrimental.
Rapid quenching can eliminate the formation of large intermetallic particles
and result in the formation of a very fine dispersion with significant

increase in fracture toughness.

The reduction in grain size which is achieved by rapid quenching may be

even more important than the reduction in the intermetallic particle size,
since it represents a unique opportunity by which the material may be both
strengthened and toughened. This is particularly attractive in view of the
generally observed inverse relationship between strength and toughness. The
fine grain size will also be stabilized by the fine dispersion of inter-
metallic particles, Data are reported by Hahn and Rosentield (36) and by

Thompson (40) that show significant increases in fracture toughness with
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decrease in grain size for a number of 7000 series alloys in both the under-
aged and overaged conditions. Similar data are also shown by Nes (41) for
Al-Zn-Mg alloys in the naturally aged and peak aged conditions. Rapid soli-
dification by splat quenching produces grain sizes ~ lum which are signifi-
cantly smaller than those developed in conventional casting. A quantitative
analysis of the grain refinement resulting from solidification at the high
cooling rates (> 105 K/sec) encountered in splat quenching has been made by
Boswell and Chadwick (42), and good agreement was obtained between observed
and predicted grain sizes for rapidly quenched aluminum. Significant in-
creases in toughness should be realized if the fine grain size obtained by

the splat quenching can be retained through subsequent consolidation.

Factors Affecting Fatigue Crack Propagation

Many studies of fatigue crack growth rates in the intermediate growth rate
regime have shown that metallurgical factors such as monotonic yield strength,
thermomechanical treatment and preferred orientation do not have a significant
effect on the crack growth rate in aluminum alloys. The most significant
finding has been that the fatigue crack growth rates in engineering alloys
depend on the modulus of elasticity. By normalizing the stress intensity
factor range by the modulus, differences in fatigue crack growth rate are
largely eliminated (43). One of the significant benefits of the production
of high modulus aluminum alloys from rapidly solidified powders is the reduc-
tion in fatigue crack growth rate which should be achieved. Results reported
in the literature (23) have shown significantly improved fatigue lifetimes

in rapidly quenched aluminum alloys which are probably a result of decreased

crack growth rate.

Factors Affecting Environment-Assisted Cracking

The environment assisted cracking of aluminum alloys has been recently reviewed
by Speidel (44). The main metallurgical factors affecting environment assisted
cracking in aluminum alloys are alloy chemistry, heat treatment and thermo-

mechanical treatment. Many studies have shown that overaging is the most

effective way to improve the envivonment assisted cracking behavior of aluminum




alloys. Overaging also decreases the yield strength but increases the frac-
ture toughness. The same factors that apply in conventionally cast aund
wrought materials will likely apply in rapidly quenched aluminum alloys.

The resistance to environment-assisted cracking generally improves with
decreasing size of constituent particles (44). Rapid solidification produces

very fine constituent particles and should therefore improve these properties.

Factors Affecting Elevated Temperature Strength

One of the requirements for elevated temperature strength is a tine dispersion
of thermodynamically stable, coherent, coplanar precipitates or second-phase
particles (Fine (45)). The intermediate size precipitates which sre found
in 7075 containing Cr are stable, partially coherent precipitates, and ZrAl‘
is also partially coherent with the Al matrix. The volume fractions of both
these particles are limited in conventionally cast systems but may be signi-
ficantly increased by rapid solidification, A13Ni is also a very stable
phase used to obtain elevated temperature strength and normally only small
volume fractions can be obtained. The presence of Fe in conventionally cast
Al alloys normally has a deleterious effect on propertics as a result of the
relatively coarse intermetallic particles which are formed. However, rapid
solidification of Al-Fe alloys has been shown to result in a very fine dis-
persion of stable FoAIJ particles, and better high tomperature propertices
than existing commercial high temperature alloys (27). 1n binary Al-Mg alloys,
Mngl3 is a recasonably stable phase and large volume fractions may be formed
in conventional casting. However rapid solidification would give a much
finer dispersion and would be expected to improve clevated temperature
strength. Similarly in the Al-Cu system where the stable CuAl2 phase is used
to improve elevated temperature properties in alloys containing Cu in excess
of the solid solubility limit, rapid solidification would be expected to
improve the properties by providing a much finer dispersion of the CuAl,

particles.




2.4 Aluminum-Lithium Alloys

Al-Li alloys are being evaluated for aerospace applications as a result of
the significant increase in specific modulus (i.e., modulus/density ratio)
which can be achieved in this alloy system. Recent progress in the develop-
ment of Al-Li alloys has been reviewed by Sanders and Balmuth (46).
Difficulties have been experienced in the conventional casting of these
alloys, in particular segregation of alloy elements, and low values of frac-
ture toughness. For this reason alloy X-2020 was withdrawn as a commercial
product. As a result of these difficulties, attempts are currently being
made to produce Al-Li alloys from rapidly solidified powders (Webster (47),
Sankaran (48)). Rapid solidification is being used primarily for its ability
to reduce segregation and produce a fine grain size, rather than to extend
solid solubility which is not necessary for the Al-Li system. Previous
research on Al-Li alloys can be divided into work on the precipitation cffects
in the alloys, and work on the mechanical properties. Rescarch has been
reported mainly on binary Al-Li alloys and on two ternary systems, Al-Cu-Li
and Al=Mg-Li.

Precipitation Studics

Al-Li Binary Alloy

The decreasing solid solubility with temperature of Li in Al renders the
system capable of age hardening. TEM studies (Noble and Thompson (49),
Williams and Edington (50)) have shown that the precipitation sequence is:
solid solution "6'“8, where 6' is a motastable ordered precipitate which
has the LI, type superlattice structure (similar to CujAu) and the composi-
tion AI‘Li, and § is the equilibrium f.c.c. phase of composition AlLi.
Noble and Thompson (49) found that the &'  precipitation occurred over a
temperature range of 293-513 K in a 2 wt, % Li alloy and formed a spherical
precipitate which had a volume fraction of 0.04, and over a temperature range
of 293-573 K in a 4 wt. % Li alloy forming an irregular shaped precipitate
with a volume fraction of 0.4. They also found that variation of the quench

rate had little effect on 8’ formation. The precipitate size and dispersion




after aging at 473 K were essentially the same after furnace cooling or water

quenching from the solution treatment temperature. The size of the 5§’

precipitate varied from 0.0lum after aging for 24 hr. at 373 K to 0.03um
after aging for 24 hr. at 473 K. This latter treatment produced considerable
strengthening and the maximum hardness. Above 473 K &' coarsened rapidly
according to an r3 relation. Continued aging below the &’ solvus, or
aging above the §’ solvus (513 K in the 2 wt. % alloy and 573 K in the 4
wt. % alloy) resulted in the heterogeneous formation of the equilibrium
(f.c.c.) & precipitate. The § precipitates were found to add li.tle to
the strengthening of the alloy due to the large size and coarse dispersion

of the particles.

Al-Cu-Li Alloys

Early work on this system was performed by Hardy (51) and Silcock (52). They
used alloys containing up to 5 wt. % Cu and up to 2.5 wt. % Li. The precipi-
tates formed on aging at 438 K were identified as ' and o ’ as in binary
Al-Cu alloys, &' as in binary Al-Li alloys, and T1 (AIZCuLi). The equili-
brium precipitates formed by aging at 623 K were identified as @ (CuAl,),
TI(AIZCuLi), T3(A17Cu4Li) and §(AlLi). The effect of Cd additions on a;ing
was also investigated. Ncble and coworkers (53) investigated the aging of
Al-4.5 wt. % Cu alloys containing between 0.8 and 1.5 wt. % Li. Natural
aging resulted in GP zones with the Li remaining in solution. At elevated
temperatures Li suppressed the formation of e’ while promoting the forma-
tion of ©’. 1In alloys with Li contents above 1 wt. % fine &' was also
precipitated. In 2020 alloy (Al-4.5 wt. % Cu - 1,5 wt. % Li) Sanders and
Balmuth (46) reported that the Cu precipitated independently of the Li and
followed the sequence of the Al-Cu binary system, while the Li precipitated

!
as § .

Al-Mg-Li

The aging sequence in Al-Mg-Li alloys has been determined as: solid solution
«5'~A12M3L1 (Sanders (54), Thompson and Noble (55)). The strengthening preci-

pitate is the 8’ phase; it is essentially unaltered by the presence of the
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Mg, the beneticial effect of which is attributed to solid solution strengthen-
ing. The equilibrium AlegLi precipitate, which is incoherent and transforms

from &' upon prolonged aging, does not significantly strengthen the alloy.

Mechanical Properties

The most attractive feature of Al-Li alloys for aerospace structural applica-
tions is that they possess a higher elastic modulus and lower density than
commercial high strength Al alloys, giving significantly higher vaiues of
specific modulus. The specific modulus of a 2.84 wt. 7 Li alloy is 21% higher
than that for 2024-T351 and 267% higher than that for 7075-T651 (Sanders and
Balmuth (46)). The alloys also show high yield strength and good corrosion
resistance; however values of fracture toughness are currently lower than

desired, and research is in progress to improve the toughness of these alloys.

Al-Cu-Li Alloys

The earliest commercial alloy containing Li was developed in 1957; it had a
nominal composition of Al 4.5% Cu 1.3% Li 0.5% Mn 0.02% Cd and was
designated X2020. This alloy was stronger than 7075-T6, and possessed a 3%
lower density and an 87 higher modulus. The fatigue properties were superiorv
to those of 7075-T6 and the stress rupture properties were superior to those
of all other high strength Al alloys. The fracture toughness, however, was
low, particularly in the peak strength temper; a significant improvement in

toughness could be obtained by slightly underaging the alloy (Sanders (50)).

The Russian alloy VAD23 similar in composition to X2020, was developed in

1962, and its properties are similar to those of X2020 (Fridlyander (57)).
Both X2020 and VAD23 contain about 0.2 wt. % Cd, which has been shown to in-
crease the strength at all temperatures, and to improve the stress-rupture
properties. It is thought that the strengthening arvises from a reduction in
the matrix-precipitate interfacial energy which results in a tiner precipitate
distribution; the resistance to coarsening of the precipitates is also in-

creased thereby improving the elevated temperature properties.




Al-Mg-Li Alloys

Alloys with compositions in the two phase solid solution + Al MgLi region are
age hardenable, and this feature was utilized in the development of the
Russian alloy 01420 in 1968 by Fridlyander et al (58). The alloy has similar

strength, 12% lower density, 87 higher moduius, and better corrosion and

fatigue properties than 2024-T4.,

Recent work has been performed at ALCOA on Al-Mg-Li alloys strengthened by
the precipitation of &', and has resultad in high strength alloys with very
high values of specific modulus (BEvancho (59), Sanders (54), Sanders and
Balmuth (46)). The alloys possess lower than desirable values of fracture
toughness. It has been proposed that this is a result of the ordered struc-
ture of &' which limits cross slip so that high stress concentration can
occur at grain boundaries, where there is heterogenous precipitation of
Al:MgLi. This can lead to intergranular failure and low values of toughness
(Sanders (54)).

Rapidly Solidified Al-Li Alloys

Webster (47) examined the properties of A1-2024, A1-2024-1-1/2% Li and
Al-2024-37% Li alloys, consolidated from rapidly quenched powders made by a
melt spinning process. The alloys showed that a 287 improvement in specitic
modulus could be obtained with 3% Li while maintaining a high strength (yvield
strength 62 ksi). Impact toughness was low at peak strength but could be
increased to Al-7075-T6 levels by underaging with a consequent loss in
strength., The Al-Li alloys were easy to hot work and machine, showed accept-
able corrosion resistance in 3-1/2% NaCl solution, and could be welded. The
properties of an Al-5% Li alloy consolidated from gas atomized powders are

currently being examined.

Sankaran (48) examined the properties of Al-2024-1% Li and Al-2024-3% Li
alloys consolidated from splat quenched flakes made by a roll method with a

4
cooling rate of 10 K/sec. A grain size of 2um was obtained in the 1% Li

alloy and a dendritic structure with a dendrite arm spacing ot 2.5um was
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obtained in the 3% Li alloy. The alloys were consolidated by cold compaction
and hot extrusion; both alloys recrystallized to a grain size of 1-2uym. A
fine dispersion (1-2um) of second phase particles was also obtained in both
alloys; the dispersion did not coarsen much during subsequent solution heat
treatments. The 1% Li alloy had a 3% lower density and 87 higher modulus
than Al-2024; the 3% Li alloy had 9% lower density and 18% higher modulus.
The yield strengths of the alloys in the T-6 condition were 63.5 ksi for the
17 Li alloy and 83 ksi for the 3% Li alloy. The toughness values of the
alloys in the T-6 condition, particularly the 3% Li alloy were rather low,
even though the grain size was very fine. It was suggested that this was

a result of the presence of a significant volume fraction of second phase
particles, resulting from the low solubility of Cu in the 3% Li alloy. It
was also suggested that the toughness might be improved by underaging or
overaging. The refined microstructures in both the alloys resulted in better
S-N fatigue properties, particularly in the 3% Li alloy; however, the pre-
sence of the insoluble second phase particies resulted in poor fatigue crack
grovth behavior in the 3% Li alloy. The stress rupture properties of the

1% Li alloy were superior (at 423 K) or comparable (at 473 K) to those of
2024, those of the 37 Li alloy were inferior; the inferior properties at

473 K were attributed to rapid coarsening of the 6' precipitate.

2.5 Powder Metallurgy of Aluminum Alloys

Extensive rescarch investigations have been performed by ALCOA (Lyle and
Cebulak (60), Otto (6l1)) aimed at developing powder metallurgy mill products

with superior mechanical and physical properties compared to products pro-

duced by conventional ingot metallurgy. Outstanding combinations of strength,

toughness, fatigue and stress corrosion resistance have been achieved by the

use of atomized powders which have been compacted into various products forms
by a process involving vacuum preheating, hot pr