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3 — design evaluation involving selected redesign- of aerospace components , analysis of
payoffs , and recommendations for manufacturing technology development . Phase 1
activity , to be completed in the first two years , is organized Into four Tasks: 1 — de-
velopment of advanced aluminum alloys containing lIthium; 2 —  development of advanced
aluminum alloys that do not contain lithium; 3 — quantitative i uicrostructural analyses
and mechanical property correlations; 4 — study of aerospae~ structural applications for
advanced aluminum alloys including development and application of a method for predict-
Ing weight savings . Phase 1. activity is described below ; Phases 2 and 3 have not been
initiated .
In the development of aluminum alloys containing lithium, a detailed rationale for alloy
selection was developed. The first four alloy compositions selected all contain 3 wt%
Li, 2 or 4 wt% Cu, and Zr or Mn as grain refiners. The second four alloys contain
3 wt% Li and ‘~~ 1 wt% of dispersoid-forming elements. Splat particulate is presently
being prepared for these alloys.

F In the development of non-lithium-containing aluminum alloys , a detailed rationale for
alloy selection has been prepared . The first eight compositions include Al-Fe-Ni-Co aml
Al-Mn-Si alloys. Preliminary examination of splat particulate of some of these alloys
reveals a relationship between solidification structure and screen fraction (plan size of
the particulate) , with apparently slower solidification rate incurred in the smaller
particulate.
Selected analytical procedures for quantitative microstructural analyses of RSP alloys
are described .
A detailed methodology for predicting weight savings In aircraft structures has been de-
veloped and an example is presented for the S-3A Viking ASW carrier-based airplane . A
number of refinements to this model are identified which will further improve the ac-
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FOREWORD

This Interim Technical Report was prepared by Lockheed Missiles and
Space Co. m c , Palo Alto, California under TJSAF Contract No. F33615-
78-C-5203. The work is sponsored by the Defense Advanced Research
Projects Agency (DoD) , Arlington, Virginia , under ARPA Order No. 3575
and is administered by the Air Force Materials Laboratory, Wright-
Patterson Air Force Base, Ohio, with Dr. Lawrence R. Bidwell (AFML/
L1S) as Program Manager.

This report covers the period 5 September 1978 to 5 March 1979 as part
of an ongoing program to develop advanced aluminum alloys from rapidly
solidified powders for aerospace structural applications.

Mr. R. E. Lewis of LMSC, Inc . is the Principal Investigator on this
program. Other principal contributors to this report are listed below.

I. G. Palmer — LMSC , Inc.
Section 2. 1, Development of Alloys Containing Lithium
Appendix A, Rationale for LMSC Alloy Selection

W. Cebulak, H. Paris , and F. Bilman — ALCOA Research
Laboratory

SectIon 2. 2 , Development of Nonlithlum-contalning Alloys
S Appendix B, Rationale for ALCOA Alloy Selection

E. Starke, Jr. and E. E. Underwood — Georgia Institute of
Technology

Section 2.3, Quantitative Microstructural Analysis and Mech-
anical Property Correlations -

E. Rhodes G. Wald , and R. Slmenz — Lockheed-California Co.
Section 2 .4, Application Studies
Appendix C , Methodology for Predicting Weight Savings
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We wish to thank Dr. T. E. Tietz , Manager of the Metallurgy and Com-
posites Laboratory, LMSC, Inc. for his helpful guidance in the conduct of
this study. Dra . L. H. Bidwell (AFML), E. C. Van Reuth, and A. Bement

F (DARPA) provided invaluable advice and guidance in plRnnlng and supporting
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SUMMARY

Advanced aluminum alloys are to be developed that will provide major payoffs for
Important new aircraft , spacecraft, and missile systems in the next decade . Payoffs

will result from weight savings of structural components which , in turn, lead to
increased range, payload , service life , and decreased life-cycle cost. Recently con-
ducted feasibility and design trad eoff studies provid e a basis for selecting certain
property goals for improved aluminum alloys that will result in significant weight

savings . These property goals are:

A. Specific Elastic Modulus — 133 x io6 in.
B. Specific Elastic Modulus — 122 x i06 in . ,  and

S Specific Yield Strength — 7.96 x 1O5 in.

OBJECTIVE

The objective of this program is to develop advanced aluminum alloys from rapidly
solidified powders that meet specific property goals . In addition , the program is to
establish a metallurgical basis suitable for manufacturing scale-up and application to
new weapon systems.

SCOPE

The program Is divided into three phases , each consisting of a number of tasks.

S 
Phase 1 involves fundamental alloy development studies and consolidation process
development and optimization . The most promising alloys are to be selected , pro-

duced in simple mill form, and evaluated In Phase 2. Phase 3 will be a design
evaluation involving selected redesign of aerospace components , analysis of payoffs ,
and recommendations for manufacturing technology

.5



The effort during the first two years will be devoted solely to Phase 1.

TECHNICAL PROGR ESS

Activity to date for this program is summarized below .

• TASK 1. Development of Aluminum Alloys Containing Lithium

A detailed rationale for alloy selection was developed . The first four alloy compo-

sitions selected all contain 3 wt. % Li, 2 or 4 wt. % Cu , and Zr or Mn as grain

refiners . The second four alloys contain 3 wt. % Li and 1 wt. % of dispersoid-

forming elements . Splat particulate is presently being prepared for these alloys .

• TASK 2. Development of Non- Lithium- Containing Aluminum Alloys

- 
. A detailed rationale for alloy selection has been prepared . The first eight compo-

sitions Include Al-Fe-NI-Co and Al-Mn-Si alloys. Preliminary examination of

splat particulate of some of these alloys reveals a relationship exists between

solidification structure and screen fraction (plan size of the particulate), with ap-

parently slower solidification rate incurred in the smaller particulate .

• TASK 3. QuantItative Microstructural Analysis and Mechanical Property
Correlations

A preview was performed of analytical procedures for quantitative microstructural

analyses of RSP alloys from other programs. Materials prepared in the subject

study were not yet available for analysis.

• TASK 4. Application Studies

A model of predicting weight savings In selected aerospace structures was de-

veloped . This model uses assumed or known material property values of an

6
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advanced aluminum alloy . The structural components are grouped accord ing to
seven different failure mode categories . New component weight and weight savings
are calculated . The results provide guidance for alloy and process development
to obtain the optimum combination of properties for maximum weight savings payoffs .

IMPORTANT FINDINGS AND CONCLUSIONS

A number of promising compositions, with and without Li additions, have been Identi-
fied which will provide a sound basis for alloy development to achieve the desired
property goals.

Metallographic examination of a trial alloy splat (A1-6Mn) revealed that the smaller-
size screen fraction particulate includes atomized powder which cooled at a substan-
tially slower cooling rate than the splat particulate comprising larger-size screen
fractions . Modification from cold gas to preheated gas atomization is indicated as a
way to increase the cooling rate of smaller-size particulate by maintaining liquidity
of atomized droplets until splatted on the cold substrate .

The methodology developed for prediction of weight savings from property data for
improved aluminum alloys is simple to use and provides key guidance f~r alloy and

S process development . Refinements being developed in the analysis will further im-
prove the accuracy of predicted weight savings.
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Section 1
INTRODUCTION

1.1 IMPROVED STRUCTURAL MATERIAL NEEDS FOR AEROSPACE SYSTEMS IN
THE NEXT DECADE

Three major new aerospace systems, to be developed in the next decade , 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, structural materials

exhibItIng selectively improved properties are needed to realize the desired range,

payload , and service-life improvements.

To achieve those property goals that will have a maximum payoff in these new systems,

design tradeoff and material development 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 subject work reported

herein;

(1) Improved aluminum alloys are of major interest to aerospace manufacturers

because of the extensive existing manufacturing technology and capability

directly suitable for this class of alloys.
(2) The development of improved aluminum alloys that exhibit significantly

higher stiffness and/or strength properties has been shown to be technically

feasible.

The following subsection highlights recently completed and some ongoing design

tradeoff studies that provide a basis for selecting property goals for this alloy/process

development program.

14
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1.2 PAYOFFS IN SELECTED AEROSPACE SYSTEMS

1.2 .1 Adv anced Tactical Fighter

As part of an ongoing study* for the U.S. Air Force for Air-to—Surface technology in
1985, one aerospace manufacturer analyzed a close-coupled canard supersonic fighter/
interceptor aircraft . Analysis was made of payoff s resulting from application of ad-
vanced stiffness aluminum alloys , advanced aluminum powder metal alloys such as
MA67 and MA87 , textured titanium, graphite-epoxy composites , FP/aluminum corn-
posites, low—cost hybrid composites, beta titanium isothermally forged , and low-
temperature formable titanium sheet. These advanced materials were included in the
study on the assumption that they would be available by 1985, provided that appropriate
development and scaleup attention is directed to them .

A high—stiffness aluminum alloy exhibiting a 30-percent increase in modulus—to-density
ratio was identified as the best choice for a number of major structural components.
Weight saved and related cost figures for these components were estimated, compared
with aluminum alloys commercially available in 1975. The weight saved was projected
to a life cycle cost savings of $469 , 000 per airplane . These savings were attributed to
increased life as well as reduced maintenance and inspection .

The life-cycle cost savings results In a projected total savings of $234 million when
applied to a fleet of 500 airplanes. Of the advanced materials concepts considered ,
the highest payoff 1985 technology identified was the high—modulus , low-density ad-
vanced aluminum alloy . Although advanced composites were found to offer competitive
weight savings for many complex components such as the fuselage section, they were
not recommended for development for such applications because of the high fabrication

• I costs involved, estimated to be more than six times higher than for advanced aluminum
alloys.

*Adv ance Information was provided by the U.S. Air Force Material s Laboratory,
Wright-Patterson AFB , Ohio.

15
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1.2.2 Vertical/Short Takeoff and Landing Airplane

In the preliminary design tradeoff studies of a recently completed contract investigat-
ing the feasibility of developing advanced aluminum alloys, the following property goals
were considered and weight savings calculated for each of the aluminum alloy major
components In the airframe (Ref . 1). Goal A alloy assumed an increase in modulus of
20 percent and decrease in density of 10 percent compared to Al 7075-T76 , without
significant loss in strength, toughness, fatigue behavior, or stress corrosion resist-
ance. Goal B alloy assumed an increase In strength of 20 percent and decrease in
density of 10 percent , compared to Al 7075-T76 , without significant loss in modulus,
toughness, fatigue behavior , or stress corrosion resistance.

Selective application of two advanced aluminum alloys, A and B, used in the optimum
combination, would increase payload 44 percent or increase range by 23 percent for a
constant takeoff weight airplane. This significant payoff is achieved in a high-
performance version of the V/STOL by a 17-percent weight savings in the wing,
fuselage , and tail structure • The tradeoff study also indicated that the range of pay-
load improvements are approximately proportional to the percentage improvement in

S stiffness and strength.

1.2.3 Advanced Fleet Ballistic Missile

In the same feasibility study (Ref . 1), the C-4 Trident FBM forward adaptor shell was
analyzed for potential weight savings as It applies closely to the D5 Advanced Trident
FBM forward adaptor. The critical design criterion for the forward adaptor shell is
stiffness. Substitution of a new aluminum alloy exhibIting 33-percent higher specific
stiffness (Property Goal A) resulted in an estimated 16 percent saving In weight of the

1. II. E . Lewis, D. Webster , and I. G. Palmer , A Feasibility Study~ for Development
of Structural Aluminum Alloys From Rapidly Solidified Powders for Aero~paceStructural Applicatio,~~ Lockheed Palo Alto Research Laboratory Final Report ,
Contract F33615-77-C-5186, Technical Report No. AFML-TR-78-102, July 1978.

16
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56—lb component. Relative significance of weight saved in this portion of the missile
is five times the baseline first-stage motor and interstage. Consequently, the 9 lb saved
in the component Is equivalent to 45 lb saved in the first-stage motor. This saving
contributes a significant (classified) addition to range of the missile and is equivalent
to about a 15-lb increase in payload. Significant additional weight savings can be ex-
pected In other portions of the adaptor section and In the equipment section by applica-
tion of a high specific stiffness alloy.

1.2.4 Other Prospective Payoffs

Advanced aluminum alloys exhibiting the above Goal A or B property sets will
contribute significantly to other aerospace applications. For example, a design
tradeoff evaluation included in the recent study by LMSC of a space payload shroud
indicated that application of the improved stiffness aluminum alloy A would save about
1000 lb of the 4200—l b shroud weight (Ref. 1). This translates to a significant in-orbit

- 
S 

payload increase of about 70 lb since the tradeoff ratio of shroud to payload weight is
14:1.

- - 1.3 PLAN FOR ALLOY DEVELOPMENT

Based on the above design tradeoff studies and other considerations , a program was
formulated to develop advanced aluminum alloys from rapidly quenched particulate.
The objective and scope are described below.

1.3.1 Objective

The objective of this program is to develop advanced aluminum alloys that meet
specific property goals. In addition , the program is to establish a metallurgical basis
suitable for manufacturing scaleup and application to new weapon systems. Goal A is
a 30—percent increase In specific modulus of elasticity, relative to Al 7075-T76 , without
significant loss in strength, toughness, fatigue strength, or stress-corrosion resistance.

17
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Goal B is a 20-percent increase in specific modulus of elasticity accompanied by a
20—percent Increase in specific strength, without significant loss in toughness, fatigue
strength, or stress corrosion resi stance. The resulting property goals are as follows:

• Goal A
Specific elastic modulus: 133 x io6 in.

• Goal B
Specific elastic modulus: 122 x io6 in.
Specific yield strength: 7.96 X 10~ in.

1.3.2 Scope

The program Is divided into three phases, each consisting of a number of tasks.
Phase 1 involves fundamental alloy development studies and consolidation process
development and optimization. The most promising alloys are to be selected, pro-
duced in simple mill form, and evaluated in Phase 2 . Phase 3 will consist of a design
evaluation using the properties of the alloys evaluated in Phase 2.

This program was initiated in September 1978 and Is scheduled for completion in
3-1/2 years. The effort during the first two years will be devoted to Phase 1 only.
This report describes activity to date in each of the four tasks comprising Phase 1.

18
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SectIon 2
S. EXPERIMENTA L PROCEDURES AND RESULTS

This section describes activities to date only on Phase 1, Alloy Development. Activity

I on Phases 2 and 3 will not be initiated until Phase 1 is completed.

-- 2 .1 TASK 1— DEVELOPMENT OF ALLOYS CONTAINING LITHIUM

- - This task is being conducted by the Lockheed Palo Alto Research Laboratories .

- 
2.1. 1 Alloy Compositions

Alloy compositions of the first iteration of eight alloys have been selected and contain
- 

3 wt . % LI to meet program goal A of 30% increase in specific modulus . A full desc rip-

tion of the rationale for selection of the alloy compositions is given in Appendix A.

The first four alloys are based on the Al-Cu-LI system . One alloy will contain
. - commercial purity lithium ; the other three -will contain high purity lithium. Two
1. diffe rent Cu levels and two different grain refining, elements have been selected . The

S second four alloys contain approximately 1 wt. % of the following elements , or corn-

1 binations of two elements: Zr , Mn , Fe + Ni , Fe + Co , along with 3 wt .% Li. These

- 
elements have been selected to produce a fine dispersion of non-deformable particles
which will serve two primary functions .

1. To inhibit the localization of slip which occurs in Al-Li alloys , and which
leads to low toughness.

2. To stabilize the fine grain size produced by the rapid solidification .

The alloy compositions are given in Table 1.
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TABLE 1. LMSC FIRST ITERATION ALLOYS

composition (a) (weight Percent)
Alloy No. ,

.
,~~

Li’- ’ Cu Zr Mn Fe Ni Co

1.1 3.0 4.0 0.2 — — — — J
1.2 3.0 2.0 0.2 — — — —

1.3 3 0 (c) 4.0 0.2 — — — —
1.4 3. 0 4.0 — 0.4 — S

1.5 3 ,0 — 1.0 — — — —

= = 0.5 =
1.8 3.0 — 0.5 0.5

(a) Balance Aluminum.
(b) High purity except as noted .
(C) Commercial purity.

The subcontract for the manufacture of the first iteration of eight alloys was initiated
with the Alcoa Research Laboratories , who will use a proprietary splat process that
produces cooling rates ~ io

6 K/s .

2. 1.2 Prediction of Modulus and Strength Requirements

From the chemical composition for a developmental alloy the density can be predicted
within 2 to 3 percent accuracy using the rule of mixtures. Then , for each alloy and
predicted density , the modulus and strength values required to meet the program
property goals can be calculated . These calculations have been made for the first
eIght alloys to be evaluated by LMSC and are presented In Table 2. Such data can be
used for calculating anticipated weight savings in specific aerospace structures ,
thereby contributing useful direction in revising primary property goals , if appropriate ,
and in setting secondary property priorities . The primary class aerospace structure
to be analyzed this way will be a high performance fighter . Space , missile, and other
aircraft will also be examined as time allows.

—
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TABLE 2. MODULUS AND STRENGTH VALUES REQUIRED TO MEET PROGRAM GOALS
LMSC First Iteration Alloys

Modulu.s of Modulus of Yield Strength
Rule of Mixtures Elasticity Elasticity Required to

All D S i fY~~ Required to Meç~t Required to Meet Meet Property
No Property Goal A(°) Property Goal B(c) Goal B

(kg/rn3) (lb/in3) (GPa) (ksi 10~) (GPa) (ksi x 10~) (MPa) (ksi)

1.1 2470 0.089 81.8 11.9 75.1 10.9 490 71.0
1.2 2440 0.088 80.8 11.7 74.1 10.8 484 70.1

1.3 2470 0.089 81.8 11.9 75.1 10.9 490 71.0

1.4 2470 0.089 81.9 11.9 75.2 10.9 490 71.1

1.5 2420 0.087 80.1 11.6 73.5 10.7 480 69.6 —

1.6 2430 0.088 80.4 11.7 73.8 10.7 481 69.8

1.7 2420 0.087 80.2 11.6 73.6 10.7 480 69.6

1.8 2420 0.087 80.2 11.6 73.6 10.7 480 69.6

(a) Rule of Mixtures Density may differ from experimental density, especially for Li-
containing alloys.

(b) Property Goal A: specific modulus = 133 X 106 in. —

(C) Property Goal B: specific modulus = 122 X 106 in. and
specific strength = 7.96 X 10~ in.

2.1.3 Lithium

Sufficient lithium to make 35 lb each of the first iteration of eight alloys was ordered
from Research Inorganic Chemical Corporation , Sun Valley, CA. Four pounds of
commercial purity lithium (0.04 — 0.05 wt.% Na) and 26 lb of high purity lithium
(0. 007 wt. % Na max.) were ordered . The high-purity lithium is made by Research
Inorganic using an electrolytic purification process.

The 4 lb shipment of commercial purity lithium was delivered to ALCOA on
December 5, 1978, together with an analysis, shown in Table 3.

H: 
_ _  
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TABLE 3. COMPOSITION OF LITHIUM INGOT , ORDINARY PURITY
(Lot. No. 450-95 dr. 16 , under argon)

Element Wt. %(a)

Li 99 .9
Na 0.05
Fe 0.002
Ca 0 .01
Si 0.002

N 0.005

Cl 0 .002
- 

- K <0.01

- - 
I (a) Analysis reported by Research Organic/Inorganic Chemical

Corporation.

The 26-lb shipment of high-purity lithium was delivered to ALCOA on January 26 ,
1979 , together with an analysis , shown in Table 4. At LMSC ’s request , one of the

sealed 1 lb canisters was sent to LMSC for confi rmation of the supplier ’s analysis.

P The LMSC analysis , also presented in Table 4 . showed a sodium content of 0.0054% ,
which is well within the specification level of 0.0075%. ALCOA has been given
approval to initiate manufacture of Al-Li developmental alloys and the first particulates
are expected to be made in March 1979.

2.1.4 Melting and Splat-Making

The ALCOA splat-making facility was revised with ALCOA funds to provide a reduced

S 
oxygen (<6 wt. %) environment for the collection of flakes in batches �45 kg. The
system was tested after a 0. 3-mm purge with argon and was found to maintain s 3

wt. % oxygen . After collection , the particulate will be exposed for a short time to a
normal air atmosphere .
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TABLE 4. COMPOSITION OF HIGH PURITY LITHIU M INGOT
(under Argon)

Wt.%

Element
suppiier (a) Chec k~~

Na 0.0075 0.0054

Ca <0.06 0 .0069

K <0.01 0.0005

Fe <0.0 1 0.0095
Si 0.01 (C)

N <0.03 0.14

Cl <0.006 0.002
Mg (C) 0 . 0 0 0 8

Pb (c) 0.048

Ni (C) 0.007

Cu (C) 0.002

Ag (c) 0.00 1

(a) Analysis reported by Research Organic /Inorganic Chem . Corp .
(b) Average of two samples , performed by LMSC .
(c) Not reported.

Melting of the Al-Li alloys will be performed in oxynitride-bonded , SiC crucibles and

with a melt cover flux of high-purity boric acid. Atomization for the splat-making
will be performed in an argon atmosphere . The special high flow rate argon delivery
system required is presently being constructed and should be operational by March 25 ,
1979. High-purity aluminum will be used as a base for the developmental alloys , and

in the case of the high purity Li alloys (those containing low Na) , the aluminum charge

will be purged with chlorine gas to reduce Na to <0.005 wt. % before Li is added .

2.1.5 Consolidation and Processing

Samples of 7050 alloy splat were provided by A LCOA so that the handling qualities of

typical splat could be assessed in advance of receiving the Al-Li splat materials. The
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packing density versus pressure plot was determined (Figure 1) and used for the

desigu of cold and hot pressing dies. In the cold compaction step , the splat will be

compressed from its initial low packing density of io% to approximately 40% , using

a pressure of about 3 ksi . The compact will then be transferred to a graphite-lined

steel die for the vacuum degassing and hot pressing steps . After hot pressing to a

density close to the theoretical value , the compact will be canned and hot extruded ,

using initially an extrusion ratio of 8:1.

2.2 TASK 2-  DEVELOPMENT OF NONLITHIUM-CONTAININ G ALLOYS

This task is being conduc ted by the ALCOA Research Laboratories .

2.2 . 1 Selection of Initial Alloy Compositions

Selection of the first eight compositions was based on the rationale presented in
Appendix B. Composition No. 6A (Al — 9 . 6 8  Mn — 2 .47 Si) was chosen for later use
in fundamental studies of deformation processing . Hereafter , all compositions refer
to A1-x weight percentage solute elements .

ALCOA personnel retain some element of concern over the availability and cost of
c obalt. Al-Fe-Ni-Co-compositions , however , continue to show strong promise for
the intended applications of this contract.

2 .2 .2 Generation of Splat Particulate

Splat-making activities with ALCOA ’s proprietary drum-quench technique were
initiated on January 5 , 1979 after the self-contained batch fl ake collection system was
compl eted . The continuous cyclone collection system was still under construction at
this time . A series of preliminary trials with pure aluminum and dilute alloy compo-
sitlons was conducted through January 19 under independent ALCOA funding .

_ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _  
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FIgure 1. Room temperature compression of ALCOA 7050 splat.
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Contract Materials Produced. Several attempts were then made to generate

Al- 3. 27Fe-3 .44Ni-3 .45Co alloy splat using usual procedures and the available cold

atomizing air supply. Despite use of 982 °C melt temperatures , nozzle chilling

problems precluded bulk quantity production . Approximately 4 kg of this composition

were generated before other alloys were tried .

Proprietary atomizing practic e changes were used to reduce chilling sensitivity during

production of 62 kg total of the Al-14. l7Mn alloy . Nozzle problems were diminished

but are still a concern , even with melt superheats S~~ .200 °C. Four splat runs from two

heats of metal were required to yield the desired 45 kg of 8 to 200 mesh (U. S. standard)

flake product. Detailed screen size analyses are summarized in Table 5.

Using these atomizing practice modifications, some 64 kg of Al-9.68Mn alloy were

gene rated in five splat-making runs from two heats of metal . All flake produced to

this point was in the “as-splat” condition and had not been collected by the usual

in-line cyclone process.

On February 24 , 1979 , the new cyclone system became operable and, therefore,

S available for use in these air-atomized splat making activ ities . Approximately half

of the Al-9.68Mn alloy flake product was separately run through the cyclone four days

after its generation in the self-contained batch collection system . The resulting

changes in screen size fractions are summarized in Table 5. Cyclone processing

breaks down much of the as-solidified coarse +8 mesh fraction into smaller sizes .

Coarse flakes produced from large individual liquid droplets break up into smaller

particles if they are thin and relatively bri ttle. However , a larger percentage of the

coarse fraction is composed of multiple-droplet flakes whose edges partially overlap.

This effect is produced by an overly dense droplet distribution within certain areas of

the atomized spray pattern . Such multiple-droplet flakes separate readily during the

cyclone operation.

26
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TABLE 5. SCREEN SIZE ANALYSES OF ALCOA ’S SPLAT FLAKE MATERIALS

Target Weight Screen Size — U.S. Standard
ALCOA Melt Composition ProducedAlloy 

~ S ~ 
—8 —16 —30 —50 -100 —200

• ~ 0 u e~ ‘~~~ - +8 +16 +30 +50 +100 +200 +325 —3 2 5

1A Al—3. 27 Fe—3 .44Ni—3 .45Co 4(a) 2 11 16 25 23 14 5 4

8A Al—14 . l7Mn 62~~~~~ 27 35 18 14 4 1 0 .5 0.5

5A Al—9.68 Mn 64(b) 30 38 15 9 5 2 0 .5 t

Same as above plus separate 38
processing through cyclone of above 3 32 25 24 12 3 0.5 0.5

6A Al—9.68Mn—2.47Si 170 3 39 25 20 8 3 1 1
Generated with
continuous in-line
cyclone process

(a) Nozzle freezing probl ems with cold air atomizing at usual metal /air ratios
yielding smaller +8 fraction .

(b) Increased metal/air ratios reduce nozzle problems but increase +8 frac tion .

During late February , 1979 the Al-9.68Mn-2 .47Si alloy was produced with continuous
S in-line cyclone processing . Approximately 170 kg total were generated in eight runs

from three metal heats . All were atomized with cold air from a minimum melt
temperature of approximately 954 °C . Screen size frac tions of this material are also
shown in Table 5. Some alloy influence is expected , but there is a reasonable size
similarity between the flake products generated with either “separate-step” or with
“in—line ” cyclone collection.

Disposition of Initial ~~lat Materials. A small quantity of the Al-3. 27 Fe-3 . 44N1- 3. 45Co
flakes was used for preliminary metallographic observations as were typical samples
of the other three alloys produced to date . The Al-14 . l7Mn alloy product is currently
being broken down into its constituent screen fractions for use in a flake size versus
cold compaction characteristics study .
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Sample quantities of Al-9 . 6SMn alloy flakes produced both with and without cyclone

processing will be subjected to various time/temperature exposures in phase stability

evaluations , to determine the effect of the resultant strain energy input on decompo-

sition kinetics of the supersaturated solid solution .

The Al-9 . 68Mn-2 . 45Si alloy is the principal composition designated for subsequent

hot compaction studies , and the entire amoun t (-‘161.5 kg) of 8 to 200 mesh product

made in these first splat making run s will be directed to that effort .

New Production of ~~lat Material s. Provisions for supply of preheated atomizing air

to the ALCOA splat facil ity are underway , at no cost to this contract , and should be

completed In March 1979 . Generation of new 45-kg quantities of 8 to 200 mesh splat

flakes in each of the eight alloy compositions will begin upon completion of this p re-

heated air installation. This short additional delay in materials generation will re-

solve the nozzle chilling complications and thereby eliminate the current need for

multiple heats and/or runs of a given composition. New splat materials generated

with hot atomizing air should have improved recovery of the desired particle size

range and will be comparatively smaller in size while exhibiting equal or superior

microstructural features compared to the cold air-produced splat .

2 .2 .3  Characterization of Loose Particulate

Characterization of loose particulate of the compositions in Table 5 has begun .

Guinier phase analysis of the alloy used for the trial run , Al-5. 98Mn , and alloy

No. 8A , Al-14 .7Mn , is completed . Optical metallography of all four compositions of

Table 5 has begun but is complete only for the trial run alloy and contract alloys l.A,

5A, and 8A. Analysis of the trial composition was done with independent ALCOA

funds . Detailed chemical analysis is not completed; therefore , compositions are

identified by their nominal values

Guinier Analysis of Al-5 . 98Mn Trial Allojr . The particulate of this composition has

been screened into size fractions based on area , from +8 mesh to -325 mesh. Visual

examination indicates that particulate In screen fractions of +200 and larger is
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essentially all splat, while particulate smaller than 200 mesh is primarily atomized

powder. Three screen fractions to span from atomized powder to the coarser splat

were selected for Guinier analysis to evaluate any effects of changes in cooling rate

with flake size on retained solid solubiity of Mn. The results of the test run are

presented in Table 6. The amount of phases present is rated qualitatively by an

experienced observer on the basis of relative diffraction line intensities on the Gam ier

film. As expected , the only phases present are MnAI6 and silicon stabilized MnA14
noted as Mn3S1A112 or (Mn , Si)A14 (Ref . 2) .  The fact that these two phases are

present in extremely small amounts, indicates that the rapid solidification effectively

maintained a large solid state supersaturation of Mn.

TABLE 6 . GUINIER PHASE ANALYSIS OF Al-5.98Mn

Screen Percent Qualitative Amount of Phases Present

Fraction(a) of Sample Al MnA16 Mfl3SiAI12

-16 29.6 Large4 — Very small4
+30

-50 8.8 Large~ Possible SmaIl
+100 Trace

-325 0.6 Large~ Possible Small
Very small

(a) Screened by plan area , not thickness of splat .

Guinier Analysis of Alloy No. 8A, Al-14.7Mn. Using the previous observation on

splat versus atomized powder content in various screen fractions, three screen frac-

tlons of the splat particulate shown in Table 7 were selected for Guinier analysis .

This analysis disclosed the higher solute alloy did not retain the degree of super-

— saturation that the Al-5.98Mn alloy did (compare Tables 6 and 7).  The results for

Al-14 . 7Mn are surprising since there is no evidence of equilibrium compounds of the

2 W. B. Pearson, Handbook of Lattice Spacings and Structures of Metal s,
New York , Pergamon Press , 1958, p. 338.

29

- -  
- -- -.— -- - 

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

— 

~~~~~~~~~ +~~~—- —
~
-

~~~~ -~ ~~~~~-~~~~~
-—
~~~~~~~ 

---—--j- -~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — —5-



Al-Mn system or of those compounds commonly associated with ancillary elements in

the Al-Mn system . Significant amounts of an unidentified phase were detected. The

Joint Committee of Powder Standards (Ref . 3) and other sources do not contain a

compound which can account for the observed diffraction lines . Further effort may be

direc ted towards identification using diffractometer lattice parameter measurements

and STEM analysis of thin foils .

TABLE 7. GUINIER PHASE ANALYSIS OF ALLOY 8A (Al-14 .7Mn)

Qualitative Amount of Phases Present
Screen Percent

Fraction~~ of Sample Al MnAl6 Unidentified

+8 27 Large4 — Medium

-16 18 Large+ — Small4

+30

-50 4 Large~ 
— Smalf ’

+100

(a) Screened by plan area , not thickness of splat .

ALCOA Alloys 1A, 5A, and 6A. Guinier analysis is not completed at this time.

Optical Metallography of Al-5 . 98Mn-Trial Alloy Uncycloned). This alloy was used
to assess cooling rates as measured by dendrite arm spacing and to assess flake

- 
- geometry in three screen fractions. Figures 2 and 3 are as-polished and etched

transverse structures of flakes in the +30 and +100 mesh frac tions. Guinier analysis

shows this fraction to have the ieast amount of precipitated phases . As can be seen ,

many flakes are predominately free of a dendritic structure . The typical thickness of

most flakes is 16 to 24 ~im In this run . Figures 2b and 3a show that flakes usually

exhibit a transition from nondendritic to dendritic solidification morphology in this

3 Joint Committee of Powder Standards (1978) , Swarthmore , PA.
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Figure 2 . Optical microstructures of the trial alloy, Al-5.98 wt % Mn , showing
(a) the typical particulate morphology of the +30 screen fraction ,
(b) the nondendritic to dendritic transition in particulate solidification
morphology In the +30 screen fraction. (Keller ’s Etch)
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Figure 3. Optical microstructures of the trial alloy , Al-5.98 wt % Mn , showing
(a) the nondendritic to dendritic transition in solidification morphology
in the +100 screen fraction , (b) typical atomized powder with evidence
of precipi tation in the ÷ 100 screen fraction .

32

5 - 
---5 5- --5-—-*~~~- — . ~~~~ —----——



thickness range . The dendrite arm spacing was measured in this transition zone .
The average of 24 measurements yields an average spacing of 0 .9 jim , which coincides
with a cooling rate of —5 x 105°K s~~, using the correlations of dendrite arm spacing
and cooling rate (Ref. 4). Similar measurements in Figure 3a of 28 dendrites yield

~~e 
—1an average spacing of 0.7 j im corresponding to a cooling rate of 6> (  10 K S . Since

the basis of dendrite arm spacing to cooling rate at high solidification rates is uncer-
tain , changes in dendrite arm spacing will be used only to infer relative improvement
in cooling rates . Figure 3b shows an example of atomized powder in the +100 mesh
fraction product. This is an atomized powder with a substantially lower cooling rate
as indicated by the degree of precipitation . Observations of significant precipitation
in the atomized powder and negligible precipitation in the flake particulate suggests
that the phases detected by Guinier analysis of this alloy are primarily in the atomized 

—

powder.

Optical Metallography of Alloy No. 8A, Al-14. 7Mn. Figures 4 and 5 are a series of
micrographs of three splat screen fractions of this alloy . It can be seen that signifi-

cant precipitation has occurred , likely the result of cool air atomizing . Several

observations are to be noted . The +8 fraction in Figure 4a contains many multiple
layered splats while the smaller screen fractions do not (Figure 5). The smaller
flakes are also featureless, indicating minimal precipitation . This suggests the
multiple-layer flakes experienced a significantly lower cooling rate . The typical
flake thickness of the +8 fraction is —40 jan , a factor which also contribute to a

— slower cooling rate compared to the Al-5. 9Mn alloy, which has a typical fl ake thick-
ness of 20 — 30 jan in the +30 size fraction .

Optical Metallography of Alloy, 1A, A1-3. 27Fe-3 . 44Ni-3 .45Co. Very limited charac-

terization of this alloy has begun . Figu res 6 and 7 show the microstructures of

particulate from three screen fractions . These flakes exhibit a variety of different

shapes, probably reflecting melt viscosity differences . For exam ple , long continuous
flakes are rare except in the +16 screen fraction . In screen fraction s of -16 mesh ,

4 H. Matyja, B. C. Giessen , N. J. Gran t , “The Effect of Cooling Rate on the
Dendrite Spacing in Splat-Cooled Alum inum Alloys ,” J. of the Institute of Metal s,
Vol. 96 , 1968 , p. 30.
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Figure 4. Optical microstructures of alloy 8A , Al -14 . 7 wt % Mn , showing
(a) multiple layered splat flakes in the -i- S screen fraction ,
(b) complex solidification front in the +8 screen fraction .
(Keller ’s Etch)
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I Figure 5. Optical microstructures of alloy 8A, Al-14 .7 wt % Mn , showing
the typical particulate morphology in the (a) +30 screen frac tion
and (b) +100 screen fraction. (Keller’s Etch)
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(a)

(b) _ _ _ _ _ _ _ _ _ _

Figure 6. Optical microstructures of the alloy 1A , Al -3.27 wt % Fe-3. 44 wt %

Ni-3.45 wt % Co, showing typical particulate morphology in the
(a) +16 screen fraction and (b) + 100 screen fraction . (Keller ’s Etch)
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Figure 7. Optical microstructures of alloy 1A , Al -3. 27 wt % Fe-3.44 wt %
Ni-3 . 45 wt % Co , showing (a) typical particulate morphology of
the +200 screen fraction , (b) the nondendritic to dendritic tran-
sition in solidification morphology in the +16 screen fraction
(Keller ’s Etch)

37

________ - 

- -



- - — -——5--—--

— -
~~ 

- - 
____________________________________________

there is a higher proportion of atomized powder than in the Mn alloys . Figure 7b
shows the relatively featureless , nondendritic flakes interspersed with flakes contain-
ing coarse precipitation. It is believed that heated air atomization of this alloy will
promote both uniform flake morphology and increased solid solubility .

Qptical Metallography of Alloys 5A and 6A, AI-9.68Mn and Al-9 .68Mn-2.47Si.
Optical metallography of these alloys is not available at this time.

2 . 3  TASK 3—QUA NTITATIVE MICROSTRUCTURAL ANALYSIS AND MECHANICAL
PROPERTY CORRE LATIONS

Thi s task is being performed by the Georgia Institute of Technology .

Since offL~ial start of activity at Georgia Tech was mid-February 1979 , there is no
specific work to report at this time. However , a discussion of some of the techniques
and problems involved in quantitative microstructural analyses of similar powder
metallurgy products is considered of value. To this end , we discu ss and analyze some
MA87 microstructures being investigated currently at Georgia Tech; two microstruc—
tures of an Al 7075 alloy from rapidly solidified powder s (frc”~ work performed at
LMSC); two microstructures of MA87 with A-upset and draw or ABC —upset and draw
(from work performed at ALCOA); and the microstructure of a special alloy selected
to illustrate some analysis probl ems in TEM (from work being done at Georgia Tech) .

2 .3.1 Quantitative Microstructural Analysis of Ani sotropic Grain Structure

Figure 8 shows a composite view of the three orthogonal planes of ext ruded MA87
aluminum alloy (Al—6.5 Zn-2 .5 Mg-1.6 Cu—0 . 4 Co) . In view of its marked anisotropy,
or layering, several quantities are calculated to express this lack of randomness
quantitativel y (Ref. 5). These are the mean intercept length between layers , L~~;
the mean aspect ratio, Q;  and the degree of orientation , 

~
lj 2~ 

of lines in a plane .

5 E. E. Underwood , Quantitative Stereology. New York~ Addison—We sley, 1970 ,p. 48.
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Figure 8. Composite view of three orthogonal planes of extruded
MA87 aluminum alloy . 800X . (L longitudinal ,
T = tr ansverse , S = short transverse )

The value of 
~ 12 varies from 0 to 1, depending on the percentage of linear segments

of the grain—boundary traces that are aligned in the extrusion (or orientation) direction.
Appropriate equations for these three quantities are

‘/(
~~~~L)

1 

(1)

for the spacing parameter ,

= II = (P L)~I(P L) 11 
(2)
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for the elongation parameter , and

(~ ) ~L~~ L 11

~ 12 
LI (3)

(~~~~ L )
1 

+ 0.571 (~ L) 11

for the degree of orientation of lines in a plane.

The actual analysis was performed on three SEM photomicrographs taken at 7000x .
Figure 9 shows the appearance of the three orthogonal planes SL , ST , and LT.
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(b) ST Plane (c) SL Plane

Fi gure 9. SEM pictures of three orthogonal planes of extruded MA87 aluminum alloy.
7~~l ( i ~’ —

- — - ~~~~~~~~ -— 
~~~~~~— -  — 5 -— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -5



The results of the calculations are summarized in Table 8.

TABLE 8. ANALYSIS OF EXTRUDED MA87 MICROSTRUCTURE

Plane (pi~i) 
Q 

~ 12

SL 1.52 2.2 43.7

ST 1.64 2.4 47.0

LT 0.98 1.7 32.0

It is apparent that the two values of L1 for the SL and ST planes are approximately

equal — as would be expected. Moreover , L p for the ST pl ane should equal L~ for

the LT plane. The values of Q for the SL and ST planes do not necessarily have to

be equal , since the elongated , flattened grains are generally longer in the extrusion

direction. The degree of orientation of grain—boundary traces in the extrusion direc -

tion reaches almost 50 percent for the ST plane ; a considerably lower value of orien-

tation is found for the LT plane .

Other quantities could be calculated for this microstructure , as desired. Normally,

we would want to assess the basic microstructura-l quantities (Ref . 5) (such as grain

size , volume fraction , spacings , particle size , etc.), and these methods are inde—

pendent of anisotropy or other micro structural configurations . Special parameters

are calculated as required by the microstructure and the type of property being meas-

ured (Ref . 6 , p. 23) .

- - 6 E. E. Underwood and E. A. Starke , Jr. , “Quantitative Stereological Methods
for Analyzing Important Microstructural Features in Fatigue of Metals and
Alloys,” ASTM STP on Fatigue Mechanisms, to be published 1979 .
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2.3 • 2 Quantitative Microstructural Analysis of Particle Distribution

— An important type of microstructure that requires special analysis is an alloy
containing particles or precipitates aligned preferentially in the extrusion or rolling
direction. One frequently wishes to express the extent of “stringering” or alignment
of the particles quantitatively, if at all possible.

Two such microstructures with definite stringering of particles are shown in
Figures 17 and 18 of a technical report by Lockheed Palo Alto Research Laboratory
to AFML (Ref . 1). The microstructures were analyzed according to a method devel-
oped recently (Ref . 6) for a fatigue study. Since the procedure is new, it will be de-
scribed briefly in this report. To express quantitatively the degree of particle

2randomness or nonrandomness, a parameter is proposed which is the ratio of the x
measured experimentally to that obtained from tables. This ratio , or parameter,
merely expresses the degree of divergency of the experimental data from a theoretical
uniform particle distribution. Since the particles exhibit a preferential alignment , a
modified cell shape is employed in the form of parallel strips ru ining in the same
direction as the particle alignment. The density of particles in each strip (or cell) is
counted, then analyzed according to a conventional test for goodness of fit . For
perfectly uniform particle distributions, the particle density from strip to strip re-
mains uniform; however , with pronounced stringering, the densities vary widely from
strip to strip. Accordingly, the ratio

r = XmJ’Xth (4)

is close to unity for uniform locational distributions and can increase to 4 or 5 for
nonuniform particle distributions . Here , stands for the measured value, and

Xth represents the tabular (or theoretical) value of x2 . 
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A central portion of 5 cm x 10 cm was analyzed as described above for the degree of

particle positional alignment. Ten parallel , horizontal strips were laid down on each

microstructure and the particle density counted in each strip . The pertinent data are

given in Table 9. Surprisingly enough, the r-values are 2. 75 and 2. 76 for Figures lOa

and lob, respectively, confirming the qualitative observation that the microstructures

appeared similar except for the number and size of particles. To quantify the particle

density, we calculated the quantity NA ,  which is defined as the number of particles

per unit area of the test plant. For Figure lOa, NA = 81, 000 mm 2, while for

Figure lOb, NA 47, 600 mm 2. Thus, there appears to be a substantial coarsening

of large particles and diminution of finer particles associated with the STA treatment.

The particle positional distribution , however , does not appear to change substantially.

TABLE 9. ANALYSIS OF LOCATIONAL DISTRIBUTION OF PARTICLES
IN Al 7075 ALLOYS FROM PWA (Ref . i)(a)

Total No. 2 2
Specimen of Particles E Xm Xth r

Hot pressed 1621 162.1 42 . 8 15.5 2.75
and Extruded
(Figure 17, D3279)

Hot pressed 952 95. 2 42.7 15.5 2 .76
Extruded and
STA (Figure 18,
D3546)

(a) E is the expected value; and 4, are the measured and tabular values of

x2
~ 

respectiv~iy; the degrees of freedom, v = 8; the probability , p = 0.05 ;
and r = X~~/Xth .

2 .3.3 Microstructural Analyses Related to Processing Variables

The effects of various process variables on the structure-property relationships were

recently Investigated by ALCOA Research Laboratories In several MA87-type powder
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Figures 17 and 18 from the reference AFML Report (Ref. 1) are reproduced here as
Figure 10.
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(a) As-extruded condition. 500X
(Figure 17 in AFML Report, Ref . 1)
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(b) Solution-treated and aged. 500X
- - (Figure 18 In AFML Report , Ref. 1)

Figure 10. Al 7075 alloys from helium atomized rapidly solidifed particulate, hot-
pressed and extruded at 700 K. (After Ref . 1)
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metallurgy alloys (Ref. 7). Two microstructures are particularly significant , pri-

marily because “no obvious structural differences ” could be seen between the two ; and

yet , the ABC-triple upset and draw forgings had “greatly improved fatigue behavior”
over the A-single upset and draw forgings.

Two photomicrographs from W. L. Otto’s report to AFML (Ref. 7), Figures 27 and 30,

are reproduced here as Figure 11, Parts a and b, respectively . Several points of d if-

ference in these microstructures are noted and discussed below for consideration.

1. In Figure h a , the grain boundaries are quite irregular , are loaded with

particles, and show “depleted” zones (light regions along the boundaries and

at particles), whereas , in Figure hib there appear to be fewer irregulari—

ities at grain boundaries (smoother, planar), much fewer coarse part icles

at grain boundaries , and little of the depletio n at grain boundaries.

2. In Figure lib, dark halos are seen around larger Co-rich part icles, there
appear to be more of the intermediate-size Co—particle s, and there are

almost no particles at grain boundaries acting as pinning points . In

Figure h a , there appear to be relatively more of the darker Co particles.

Size distributions should be d ifferent , and a rough idea can be gained by

visual inspection of Figures h a  and lib (provided that foil thicknesses in

the two cases are approximately equal) .
3. In Figure 1113, dislàcation pinning is almost absent compared with Figure h a ,

where loops, dislocation line breakaways, and some interactions are visible.

Some evidence for planar dislocation arrays are seen in Figure llb , but none
in Figure h a .  Moreover , localized strain fields seems more common in

Figure h a  than in Figure 1113. Note that the localized darkening in otherwise

homogeneous grains occurs mostly on the concave side of the boundary.

4. It is also noteworthy that the grain size in Co-free alloys is much larger than

in Figures h a  or hib. Apparently grain growth in these alloys is controlled

somewhat by Co in solid solution , since particles are in grain boundaries only

In Figure h a .  
-

7 W. L. Otto , Jr., Metallurgical Factors Controlling Structure in H igh Strength P/M
Products, AFML-TR—76 —6 0 , May 1976.
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Figure iha . MA87 , A -upset and draw hand forging. T6 temper.
( Figure 27 in Ref - 7) -
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Figure lib. MA87, ABC-upset and draw hand forging. T6 temper.
(FIgure 30 in Ref. 7).
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A ny conclusions drawn from the microstructura l differences in Figures h a  and lib
must be based on the assumption that the photomicrographs are representative and
typical. On this basis , the most obvious implication of the serrated , rough, partic le-
loaded boundaries in Figure h a  is that the ledges and particles act as excellent
sources for dislocation activity . By contrast , in Figure lhb, the smooth (ledge—free)
boundaries without appreciable particles are not as potent dislocation sources. More-
over , the depleted boundary zones in Figure h a  would correspond to a softer boundary
layer , permitting easier dislocation generation. The lack of dislocation pinning in 

- 

-

Figure lib can be taken as indirect evidence of a lower level of dislocation generation
from boundaries and particles than in Figure h a .

Several results can be attributed to the triple upset operation (Figure hib) . The severe
plastic deformat ion during hot working should promote a more homogeneous micro-
structure through recrystallization, particle dissolution, and grain-boundary migration - -
to equilibrium positions. E nhanced diffusion rates, particularly along grain boundaries ,
would help to dissolve particles at grain boundaries. Thus , the matrix Co—content
should be greater in the ABC-upset MA87. The factors emerging from this microstruc- - 

-

tural analysis appear to support the finding of enhanced mechanical properties in the 
• 

-

triple—upset MA87 alloys in the following ways: (1) fewer dislocation sources at grain-
boundary ledges and grain-boundary particles , (2) higher Co-concentration in solid
solution , thus a higher strength matrix, and (3) fewer sites with localized strain gradi-
ents (lower internal stress).

An important addit ional consideration in this study of the effects of 0.4-percent Co is
that of grain-boundary segregation of solute element(s). Equilthrium segregation to
boundaries , which may be either posit ive or negative, tends to occur whenever the total
free energy of the system is lowered thereby . Previous studies of third —element (trace)
effects on solute diffusivity and segregation are striking. In one investigation, trace

amounts of Cr caused Zn in an Al—base alloy to segregate strongly to grain boundaries.
With a nominal 19—percent Zn concentration , the addition of a fraction of a percent of
Cr was accompanied by Zn segregation to boundaries in the amount of 50 percent or
more . The opposite effect (depletion) at grain boundaries has also been studied
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experimentally In other systems. Thus , microprobe stud ies of Co-concentrations and
Co-gradients at selected locations, although important in their own right , may also
relate to significant segregational effects of other solutes (Zn , fo r example). Crack
growth rates may well be influenced by these segregationa l effects at gra in boundaries.

Co particle-size distribution studies, although laborious and inexact in thin foils ,
may prove useful in assessing the degree of (thermal) homogenization which has oc-
curred in the alloy. Also , the size and location of particles have influe nce on crack
growth rates as well as dislocation activity. Accordingly, microscopical studies of
crack growth paths should be correlated with quantitative particle information (grain-
boundary density, spacing in matrix, volume fractions , area fractions occupied on
grain—boundary surfaces , etc .) and solute segregational behavior (equilibriu m segre-
gation, uniformity in matrix , grain-boundary depletion , part itioning of Co between
boundaries and matrix, and effects on other solutes).

The above comments document a significant body of microstructural d ifferences
between the two alloys shown in Figures h a  and hib. It is possible that a detailed ,
quant itative metallographic analysis will provide further insight into the reasons

- 
~- e improved fatigue behavior of the triple -upset and draw alloy.

2.~~. 4 Microstructural Analyses of Features Revealed by Transmission Electron
Microscopy

The final topic discussed on this task concerns some general problem s in the
analysis of particulate microstructures as seen by TEM. Figure 12 represents some
fairly spherical particles clustered together in a thin foil. Some overlapping can be
seen, and truncation of particles near the upper or lower foil surface is probable ,
but not detectable.

We wish to analyze this structure as accurately as possible; this is basically a prob-
lem Involving projected images (Ref. 8). A procedure is indicated whereby the volume
fraction , VV ,  and number of particles per unit volume , N~~, can be calculated for

8 E. E. Underwood , “The Stereology of Projected Images ,” Jnl. of Mic roscopy,
Vol . 95, Pt. 1, 1972, p. 25.
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Figure 12 . Clustered particles in thin foil. 20 , 000x.

various cond itions . We start by count ing the number of part icles , N’ = 31 , which
yields Nk = 2 .06 ~m 2 . (Note that the prime signifies a quantity appearing on the
projection plane.) A point count gives Pj ) = 0. 11, so that the mean projected area

= A~ /N~ = 0. 11/2 .06 = 0.053 ~~~~ Now , to calculate and Nv ,  some as-
sumptions are required. We assume that the particles have a spherical shape and that
the foil thickness t = 2000 A .  Thus , the mean projected diameter H’ 0.26 ~m
for spheres of mean diameter D.

The volume fraction can now be calculated for three cases: (1) no correction for trun-
cation or overlap ; (2) a truncation correction only, and (3) both a truncation and over-
lap correction. The applicable equations and results for spherical particles are ,
respectively:

Case 1: V~ = (2/3)AkD/ t = ~ (0. 11) (0. 26)/0.2 = 0.0953 (5)

Case 2: V~ = Ak [ 2D/(2D -l- 3t) J = ( 0 . h 1) [ 0 . 5 2 / ( 0 . 5 2 + 0 . 5 ) ]  = 0.0511 (6)

Case 3: V~ = 4n(1 — A ~ ) [2D/ (2D + 3t) J  = —th O . 89[0 . 52/(0.52 + 0. 6)]  = 0.054 1
(7)

50

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- —~~~~--- ~~~~~~~~~~~~~~~~~~~~~~~~ 

~~ ~~~~ ~~~~~~~~~ - - - -- - - - ——

Note that the uncorrected volume fraction decreases when the truncation correction is
applied , and that the latter increases slightly when the overlap correction is included.

The values of Nv can also be calculated for the same three cases:

Case 1: Nv = Nk/t = 2 . 0 6/0 . 2 = 10.30 ~Lm 3 (8)

Case 2: Nv Nk/(D + t) 2 .06/ (0.26 + 0.2) = 4.4 8i~m 3 (9)

Case 3: Nv = (NA + M~ )/D + t) = (2.06 4- MA)!0.46 (10)

Here Mk is the number of particle images per unit area lost by overlap. MA is a

fu nction of the degree of particle overlap and the ability to resolve overlaps into the
constituent particle images . It may be approximated by MA = (3/2) V,~,, (t/D)

- - NA 0.014 ~m 2 
, which , when introduced into Equation (10) gives

Case 3: N v = (2 .06 + 0.0 14) /0.46 = 4.51 ~zm~~ (11)

This value amounts to above a 1% increase in Nv due to overlap effects . As a rule
of thumb , a correction for overlap should not be necessary if V~, (t/D) < 0.04 . Here

we find that this quantity equals 0 .039. It is obvious that the truncation correction can
be appreciabl e, although sometimes its magnitude cannot be estimated . In any event ,
the ‘value of AA should never be used for V~~, although this is seen occasionally in
the literature .

The above examples should help to illustrate some available approaches for quantitative
microstructural anaiysis of variou s alloys to be studied . After processing procedures
are established , adequate statistical sampling and measurements will be necessary to
obtain correlations of selected alloys with mechanical properties .
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2 .4 TASK 4— APPLICATION STUDIES

Task 4 is being performed by the Lockheed-California Company of Lockheed Corpora-
tion.

2 .4. 1 Model for Prediction of Weight Savings

A model has been developed for predicting weight savings in certain airc raft structures
resulting from substitution of advanced alum inum alloys for currentl y used aluminum
and other structural materials . The present form of this model is described in detail
in Appendix C. The model is relatively simple and is suitable for computerized cal-
culation of weight savings for a selected aircraft when many sets of mechanical and
physical properties of either hypothetical alloys or actual experimental alloys are
considered .

The purpose of such model development is to provide useful guidance for alloy and
process development where priorities in selected properties would significan tly
increase payoffs in terms of weight savings and related benefits . The model described
in Appendix C was first developed for analysis of the S-3A Viking carrier-based naval
patrol plane because the structural configuration, critical structural design criteria ,
and weight breakdowns were readily available. However , the model is appl icable to
weight savings analyses for any aerospace structure for which the detailed design
criteria are known . Some illustrations of the usefulness of the model are presented
in the following.

The method described in Appendix C was used to calculate the weight savings of
primary aluminum structure for the S-3A Viking assuming substitution of alloys
exhibiting a wide range of properties . The properties and ranges assumed were:
modulus of elasticity from 10 to 14 X ~~ psi (68 .9 to 103.4 GPa) , density from 0 .09
to 0 . 11 lb in . 3 (2 .49 to 3.04 gcm 3), and strength (yield strength , ultimate streng th

— in tension and compression) from 100 to 140 percent. Weigh t savings calculated in
terms of percent of primary aluminum structure are presented in Figures 13 , 14, and
15 for assumed strengths of 100 , 120 , and 140 percent , respectively . The dotted lines
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marked A or B in these figures indicate the locus of modulus and density combinations
which satisfy property goal A or B for the present contract. Property goal A is a
modulus-to-density ratio increase to 130 percent and no st~en~th-to-density increase
of that exhibited by Al 7075-T76 , and with no change in strength. Property goal B is
a modulus—to—densi ty ratio increase and a strength—to-density increase to 120 percent

of that exhibited by Al 7075-T76 .

These calculations show that alloys of different density but all meeting the same
modulus-to-density ratio property goal do not provide the same weight savings . As
seen in Figure 13. three alloys having a density of 0. 09 , 0.10 , and 0 . l l lb
respectively, but all meeting property goal A , are predicted to give weight savings of
14, 7 , and 1 percent , respectively. Although these results are not unexpected ,
recognizing the predominant role of density on weight savings , the numerical values
are specifically useful for providing guidance for alloy/property development goals
for this particular aircraft .

The model is also useful for evaluating the loss in weight savings of an advanced

aluminum alloy which somehow does not meet all property expectations . For example ,

the weight savings in the S-3A Viking aircraft was calculated for an advanced aluminum
alloy meeting property goal A (30-percent increase in modulus-to-density ratio) but
which has a density of 0.091 lb in. (2.51 g cm 3)~ The effect of decreased strength ,
decreased modulus of elasticity , decreased allowable stress due to damage tolerance
(DADTA) considerations and increased density on weight savings was then calculated.
The results are presented in Figure 16. On the basis of percent change in property ,
increased density is shown to be the most important and decreased allowable stress
due to damage tolerance (DADTA) considerations is the least important for retaining
initial weight savings . Note that the weight savings are not linearly proportional to
change in selected property value since material substitution is made where there is
a weight savings payoff , and the weight saved tends to level off when the property
change exceeds a certain value .
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It should be noted that further refinements in the weight savings analysis method are

needed to improve its technical accuracy. Such refinements will have some yet

unidentified effect on weight savings . The need for such refinement is obvious for the

case where a large change in one property may shift the critical failure mode from

one type to another. A failure mode shift means that the weight savings equation in

terms of property ratios is also changed .

Another needed improvement in the model is the extension of the proc edure to a

variety of aircraft . For example , a transport aircraft subjected to severe fatigue

loading over a long service life would be more influenced by durability and damage _ - -

tolerance allowable (DADTA) stresses, while a fighter aircraft with high dynamic

loads and thin wings would be more stiffness critical.

Considerations for model refinement are discussed in th~ following section .

2 .4. 2 Model Refinement

Usefulness of the model to predict weight savings from assumed or known material

property sets is directly related to accuracy of such prediction . The following factors

are now being considered for refinement of the model .

Adaptation to Additional Airplane Systems. In addition to the S-3A carrier-based

patrol plane, we intend to extend application of the model to an advanced tactical

fighter and a long-range patrol or transport aircraft . This extension requires deta iled

identification of structural configuration , cri tical design criteria , and weight break -

downs . For the fighter , we propose to use an Advanced Tactical Fighter defined in

the Air Force Wing Fuselage Critical Component Development Program (Ref. 9), as

structural load requirements and weight breakdowns are available .

9 See , for example , R. W. Walter , J. E. Mooney , R . A. Ham m and ft . R. June ,
WingJFuselage Critical Component Preliminary Desigp,, Boeing Co. Technical
Report on Contract AFFD L F336 15-77-C-5228 , Report No. AFFDL-TR-78-146 ,
Nov 1978.
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The results obtained from weight savings analysis of the S-3A are translatable to
various versions of the V,’~TOL aircraft , as demonstrated previously (Ref . 1).

For the long-range patrol or transport aircraft , the P-3 ASW patrol plane is proposed
for analysis . The structural service load requirements for this plane are similar to
cargo jets or wide body transports , and a suitable design base and service history are
both available .

Extension of Advanced Aluminum Alloy Usage. In the preliminary model described in
Appendix C , the primary structures considered for advanced aluminum alloy substitu-
tions include only about 75 percent of the total airframe weight. A refinement in the
model will obtain by considering aluminum usage in additional parts of the airframe .
This includes portions of the landing gear , and engine naceiles . Additionally, substi-
tution of advanced aluminum alloys in nonprimary structure of fixed equipment will
also be considered . These components include equipment racks , access doors and

fillets , fairing, and controls. As shown in Table 10, the weight of fixed equipment
for a variety of airplane types equals or exceeds the weight of the wing structure .
This table presents the structural weight groups in terms of percent of gross weight
for a carrier ASW patrol , fighter , transport , and long-range patrol planes . Inspec-
tion of this table reveals significant weight savings are to be expected by substituting
low density aluminum alloys in fixed equipment applications .

Increase in Critical Failure Categories. The weight savings analysis model presently
incorporates seven critical failure categories , described in Appendix C. Refinement
of the model may result from the inclusion of additional critical failure categories as
follows.

‘11 
59  

-~~~~~~~~~~~~~~~~~~~~——-~~~~~~~~



0)
00

c~ 0 ~O UI UI ~‘1 N- ~C 0 Cfl 0~ 0

~~~ ~-4 ~O .- N- — ~~.~ (‘-I -I — -~
0

a) -~~UI N- ~~ 0 — ~~ a— ~~ 0 C’) N
00 N In Cfl N -~t N 0 0 -~~ ~~X .,.

~ ~~ ~~~ 4 4 — — N -~

0
0. 0 C ¼~ N- . —4 In -~ N-

— 
{)) . . . . . . . .
c — — 0 c~—i — —1- N — —~~ c~I-~ (~ UI C~ — — — N N

C/~

(~ N — UI C~ ~~ -C —~ N 0 ~~
E-’ I.i ~~ UI N. 0 N 0 ~~ —4 N- C ~fl —~
- UI N —I ‘-I N N ‘4

11~4o -
~~

Cl)

d
.-•1

Z
-

t.4 0 ~.I

0) 4J Cl) 0)
S

.~ ~~~ 0 0.
00 00 ~~~~~~ Li.
~ 0) c~~~ 0 a
0) 1.i .-4 4~~~ .,. 4 

~~~ - c
~~ a 00 —~ ~— ~e

~ ~-‘ -e n ~~~~~ .—i c~~ J
>- ci —~ c~ 0 CO ~~c a •o
~i a z ~~ ~~~ -~~~ CO 0. 0) —~ ~~~~~~0. I~i 0 ~ 0) ~—. O )$.4 .

~-4
cJ~ t._. t~4

60 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- - - -

~~~~~~

- - --  
~~~~~~~—_~ -- -



Number of - -
- DescriptionAdditional Categories

2 Nonoptimum Factors: Add categories for mini-
mum gage for handling and attachment and for
parasitic weight.

2 Compression Surface: Extend single category
to three based on loading intensity (N) of 1500
lb/ in., 5000 lb/in , and 10, 000 lb/in . Include
substructure spacing changes.

3 Shear: Include shear categories based on load-
ing index (q) of 200 lb/in., 500 lb/ in. ,  and
500 lb/in . Include substructure spacing
changes .

3 Aeroelastic Stiffness: Consider load/in, and
type of structure . Include substructure spacing
and ratio of skin to skin—and-stiffener area.

2 DADTA Cutoff: Consider different cutoff
values for fuselage , wing and tail , and type of
structure .

Extension of the compression surface failure category has been started. The basic
equations for weight ratio calculation have been modified to include the effect of load
intensity level (N) and structural shape . A higher load level requires a higher allow-
able stress , which results in more importance of the plastic stress-strain behavior
of the structural material -

To meet this requirement , the tangent modulus In the column equation and the
secant modulus in the crippling equation , based on Ramberg-Osgood stress-strain
representation , must be included . The allowable stress versus load intensity/rib
spacing , N/L , for a typical structural shape is shown in Figure 17. The allowable
stress curve flattens out at high load intensity due to inclusion of plasticity effects.
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Two curves are shown on this figure , one based on 7075-T76 properties and the other
based on an advanced alloy with a modulus (E) increase of 30%.

Figure 17 also shows the effect of rib spacing on allowable stress. At a high load
intensity, the rib spacing can be increased with little effec t on allowable stress . At
lower load intensity , the rib spacing is more critical . This finding demonstrates
the importance of including rib weight and rib spacing in th~ analysis .

The rib weight versus distance from wing root for the S—3A Viking is shown in
Figure 18.

This rib weight function will be combined with allowable stress based on loading
intensity represented by Figure 16 to derive the weight ratio equation for each of
three levels of load intensity . This derivation will provide the additional compression
surface category extension . An approach similar to this will be derived for additional
load categories.

Consideration of Shift in Governing Properties. For each particular structural com-
ponent, one or more properties dominate in controlling weight savings . If a large
change in one of these properties is invoked , then the weight savings may no longer be
controlled by the same properties and another design criterion may become critical .
This criterion requires refinement of the weight savings method to accommodate such
changes . Consequently, a second tier screening procedure is to be developed , as
follows.

1st Tier 2nd Tier

DADTA Stiffness
Strength Stiffness
Stiffness Strength
Stiffness DADTA

A limitation of allowable thickness will be assigned to all items .
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Review of Allowable Stress for Durability and Damage Tolerance Assessment (DADT.~h
Various factors involved in the DADTA analysis for allowable stress are to be reviewed,
and improvements in accuracy are to be developed which affect prediction of weight
savings . The factors which affect ultimate stress cutoff (upper limit for ultimate
stress) are fatigue, residual strength , crack growth behavior , and stress corrosion
resistance. Approaches being pirsued in each of these categories for improving the
accuracy --f weight savings analysis are described below .

• Fatigue. A preliminary equation relating design stress and fatigue life has
been established. The service life data of operational aircraft have been
reviewed in terms of design stress cutoff and service life achieved . Data for
the Electra , F-1~O4 , and T-33 were used to determine the relation between
design or reference stress and service of full—scal e fatigue test life . These
data are plotted in Figure 19. The data for 2024-T3 aluminum tested under
spectrum loading indicates a typic al log-linear relationship for fatigue. Each
aircraft type will have a stress/life relationship which is nearly parallel to
the experimental data for 2024-T3 aluminum alloy . Note the distinctly
different curves for the fighter/trainer airc raft and for transport aircraft .

• Residual Strength. The residual strength cutoff is related to the material
fracture toughness properties and the critical crack size applicable to a
particular type of aircraft. This information is to be evaluated to determine
minimum fracture toughness properties applicable to a high-performance
fighter and long-range patrol aircraft . The relation between design stress
and fracture toughness will also be reviewed. This review will include data
from the F-104, Electra , and P-3 aircraft.

• Crack Growth. The crack growth properties of a material are important for
defining fr equency of inspec tions necessary to find detectable cracks . The
rate of crack growth for service aircraft will be reviewed to improve the
equation used for establishing the DADTA cutoff. An inspectable crack size
wil l be selected , and the stresses and da/dN properties applicable to specific

aircraft will be evaluated . These crack growth rates will be compared with
necessary inspection intervals obtained from service experience. Data for
the Electra , P-3 and a fighter aircraft will be reviewed to defin e applic able
criteria.
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• Stress Corrosion. The cutoff values for stress corrosion will be reviewed
with an increased emphasis on residual stresses. Materiat processing and
fabrication procedures influence the residual stress magnitude, and this
affects the allowable stress and cutoff values. The objective of this study
will be to establish minimum acceptable stress—corrosion values for screen-
ing of developmental alloys. Levels above the minimum acceptable stress
will be considered in appropriate weight savings equations .
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Section 3
CONCLUSIONS

1. A number of promising compositions , with and without Li addition s , have been

identified which will provide a sound basis for development of advan ced aluminum

alloys to achieve the desired property goals.

2. Metallographic examination of a trial alloy splat (Al-6Mn) revealed that the

smaller-size screen fraction particulate includes atomized powder which cooled

at a substantially slower cooling rate than the splat particulate comprising

larger-size screen fractions. Modification from cold gas to preheated gas

atomization is indicated as a way to increase the cooling rate of smaller-size

particulate by maintaining liquidity of atomized droplets until splatted on the

cold substrate .

3 - The methodology developed for prediction of weight savings from property data

for improved aluminum alloys is simple to use and provides key guidance for

alloy and process development. Refinements being developed in the analysis will

fur ther improve the accuracy of predicted weight savings .
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Appendix A

LMSC FIRST ITERATIO N ALLOYS: RATIONALE FOR ALLOY SELECTION
(Phase I, Task I)

A.1 INTRODUCTION

All alloys will be based on the Al—Li system in order to achieve the high elastic
mod ulus and low density which are characteristic of this alloy system (Ref. A-i).
The high elastic modulus is achieved by the precipitation of a high volume fraction
of the coherent ordered o phase (A13Li). The low density is a direct result of the
low density of Li. Rapid solidification is not required to extend solid solubility of
Li, but will be used in an effort to overcome the problems which have been experi-
enced with conventional ingot cast Al—Li alloys, namely segregation effects , and low
fracture toughness. Specifically, the rapid solidification approach will be used to
achieve the following objectives:

(1) To reduce , or eliminate, segregation effects
(2) To reduce the grain size , and hence increase both strength and toughness
(3) To extend solid solubiity of additional elements , added to control secondary

properties.

Previous work on Al—LI alloys made from rapidly solidified powders (Refs . A-2 and
A—3) has shown that the powders can be made and consolidated successfully. The
expected modulus and density values of the final product were obtained. Segregation
effects were m1nlm1zed~ and a fine grain size maintained throughout the consolidation

- 
- process. However , In the alloys so far Investigated , the fracture toughness, at the

A-i T. H . Sanders , and E. S. Balmuth , “Aluminum-Lithium Alloys : Low Density
and High Stiffness , ” Metal Pro~ress, Vol . 113, No. 3, 1978 , p. 32.

A—2 D. Webster , Unpublished LMSC Independent Research Work , 1977 .
A—3 K. K. Sankaran, “Structure and Properties of Splat Quenched 2024-T ype

Aluminum Alloys Containing Lithium , ” Ph.D. Thesis , MIT , Cambridge , MA.
1978.
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strength levels of interest , has been found to be lower than desired. Hence the

approach in the present work will be to design alloys for improved toughness and

strength , while maintaining the primary properties of modulus and density, and

other secondary properties of fatigue and stress corrosion resistance.

A. 2 GENERAL CONSIDERATIONS

A. 2. 1 Alloying Additions

All first iteration alloys will contain 3 wt. % Li in order to meet goal A of the pro-

gram, i. e., a 30% increase in specific modulus over 7075—T76. Previous work on

binary Al-3 wt. % LI alloys has shown that the yield strength and toughness are too

low. For example , Sanders (Ref. A-4), using ingot Al-3 wt. % Li found a maximum

yield strength of 53 ksi , and Webster (Ref. A— 2), using P/M Al— 3 wt .% Li fo und a

maximum yield strength of 55 ksi; the program goal A is the same yield strength

(67 ksi) as 7075—T76 . Additional elements will therefore be added to increase

strength and toughness. The influence of the purity level of the lithium on toughness

will be determined using a ternary alloy rather than a binary so that the comparison
will be made at a higher strength level where any embrittling effects should be

greater.

A. 2.2 Heat Treatment afte r Consolidation

The optimum aging temperature for precipitation of A13Li in Al-Li alloys is <200°C.
This temperature will be greatly exceeded during consolidation; therefore , it will

be necessary to solution treat , quench , and age after consolidation. (Note that this
will not be done with the non-Li-containing alloy systems being investigated by Alcoa.)

A-4 T. H. Sanders and H. R . Sawtell , “Structure and Fracture Behavior of Al-Li
Sheet , ” 107th AIME Annual Meeting, Denver , CO , Feb. 2 6 — Mar 2 , 1978.



A . 2. 3 Previous Work on Ternary Alloys

Most of the wo rk so far performed on ternary Al-Li-X alloys has been on two

systems , Al-Li-Mg and Al-Li-C u , using alloys made by conventiona l ingot casting

(Ref. A— i) .  (See Figure A—i. )

Al—Li-Mg Alloys. Mg only gives solid solution hardening, no precipitation hardening ,

and the strength—toughness line lies below that for binary Al -Li (Sanders , Ref. A— 5);

no increase in toughness was therefore achieved. The fracture mode was inter-

granular even in unrecrystallized material . Although rapid solidification would give

a very fine grain size and some increase in both strength and toughness , this is

probably not the best syste m to use , unless an alloy showing decreased density is of

prime interest.

Al-Li-Cu Alloys. Cu gives precipitation strengthening , and the strength-toughness

line lies above that for Al-Li—Mg alloys (Ref. A— i) .  This is therefore considered a

more probable system to meet the program goals than Al-Li-Mg. A considerable

amount of work has been performed on these alloys (Reis. A-i and A— 6). The first

fo ur alloys in the present study will therefore be based on the Al-Li-C u system.

• In previous work on rapidly solidified Al-Cu-Li alloys, Sankaran (Ref. A—3) stud ied

two alloys , 2024 + 1% Li and 2024 + 3% Li. Despite achieving a fine grain size

(1 — 2 lam) the toughness was too low , especially in the 3% Li alloy. Sankaran

suggested that this was due to the low solubility of Cu at the solution treatm ~~t

temperature (500°C) resulting in a significant amount of incoherent second phase

particles based on Cu. For further work , he recom mended:

(1) Higher purity alloys — less Fe and Si.

A— 5 T. H. Sanders, J. W. Evancho , and J. T. Staley, “Microstructure and
Mechanical Behavior of Al-Mg—Li Alloys ,” 107th AIME Annual Meeting,
Denver , CO , Feb 26 — Mar 2 , 1978.

A-6 T. H. Sanders and R . H. Sawtell , “Fatigue , Fracture , and Microstructure
of Al-Cu-Li Alloys,” 107th AIME Annual Meeting, Denver, CO, Feb 26 —

Mar 2 , 1978.
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Figure A-i . Notch tensile/yield strength ratio as a function of yield
strength for Alloy 2020 and Al-M g-Li (after Ref . A-i)
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(2) Lower Cu content.
(3) Removal of Mg — to allow higher solution treatment temperatures.
(4) Addition of Cd to control nucleation and growth of Al-Cu precipitates

upon aging.

A. 2.4 Factors A ffecting Fracture Toughness

The second fou r alloys will be specifically designed to improve fracture toughness.
The low toughness of Al—Li alloys , in the peak aged condition , is generally attributed
to the localization of slip which occurs in these alloys (Ref. A— i).  This slip locali-
zation results in severe stress concentration at grain boundaries , followed by grain
boundary failure , especially whe n the boundary contains brittle partic les (such as
Al2MgLi), or impurity elements , such as Na and K. Alte rnatively the localizatio~i
of slip can result in low ductility shear failure . The slip localization is a direct
result of the presence of a large volume fraction of a coherent ordered phase (A13Li) .
Slip dislocations tend to move in pairs through the ordered phase in order to mini-
mize the area of anti-phase boundary which exists between them , and this means
that cross slip is very difficult. Also , as the coherent particles are sheared on one

particular slip plane , the area of precipitate partic les on that slip plane decreases ,
and the movement of subseque nt dislocations is easier. Hence the slip occurs in a
highly localized , inhomogeneous , planar manner. This inhomogeneous planar slip
is in fact a general feature of high—strength Al alloys aged to peak strength and
containing coherent shearable particles.

A. 2.5 Effe ct of Nonshearable Particles

It has been shown that the presence of a dispersion of particles which are not sheared
causes slip to be dispersed and hence deformation to be more homogeneous (Refs . A-7
and A-8). These nonshearable particles can be obtained in two ways :

A-7 A . Kelly and H. B. Nicholson , “Precipitation Hardening, ” Progress in Material
Science ,” Vol . 10, No. 3, 1963 , p. 372 .

A—8 E. A. Starke and G. Lutjerlng, “Cyclic Plastic Deformatio n and Microstructure,”
ASM Materials Science Semina r , Fatigue and Microstructure , St. Louis , MO,
14 — 15 Oct 1978.
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(1) By overaging to produce partially coherent or incoherent precipitate
particles

(2) By use of a dispersion of insoiuble incoherent dispersoid particles

The presence oi~ nonshearable particles results in a higher strain hardening exponent
as a result of the dislocation looping around particles , and the operat ion of multiple
slip systems (Refs A—7 and A—B). The effect of increased strain-hardening capacity
has been shown to increase fracture toughness (Refs A-9 and A-lU). The beneficial
effects of slip dispersal by the use of nonshearable particles, in improving the low
cycle fatigue behavior of Al alloys has also been demonstrated (Ref. A-B) .

A. 2.6 E ffect of Grain Size

A second general method for increasing the homogeneity of slip is by reducing the
grain size , and one of the benefits of rapid solidification is the very fine grain size
which is produced. it is considered essential to maintain this fine grain size since
this will increase both strength and toughness , and to a greater extent in the Al-Li
system than in other alloys such as 7075 or 2024 , as a result of the planar slip in
the Al-Li alloys. The elements added for grain refine ment by dispersoid formation
will be selected to give very stable dispersoids tha t will resist coarsening during
consolidation and subsequent heat treatments. Rapid solidification will allow the use
of greater amounts of relatively Insoluble elements than is no rmally possible , and
will ensure the formation of a much finer dispersion of particles. The presence of
oxide particles from the surface of the splat particles will also assist in maintaining
a fi ne grain size.

A—9 G. T. Hahn and A. H. Rosenfield , “Metallurgical Factors Affecting Fracture
Toughness of Al Alloys, ” Met. Trans. A. , VoL 6A , 1975 , p. 653.

A-b G. G. Garrett and J. F. Knott , “The Influence of Compositional and Micro-
structural Variations on the Mechanism of Static Fracture in Aluminum
Alloys , ” Met. Trans. A, Vol . 9A , 1978, p. 1187.
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A. 2.7 E ffect of Other Microstructural Features

Other microstructural features , such as degree of recrystallization, grain boundary
morphology, and precipitate free zone width also aflèct the localizatio n of slip
(Ref. A—B) and hence the toughness and other secondary properties. The effects of
these other parameters will also be investigated.

A. 3 SELECTION OF FIRST iTERATION ALLOYS

A.3 .l  First Four Alloys

A.3 1.1 Compositions —The first four alloys are based on the Al-Cu-Li system and
will contain 3 wt.% Li. One alloy will contain commercial pur ity lithium; the other
three will contain high-purity lithium. Two different Cu levels and two different
grain refining elements have been selected. The major factors involved in selection
of the first four alloys are summarized in Table A-i , and the compositions are given
in Table A-2.

A. 3. 1.2 Factors Affecting Composition Levels — The following paragraphs discuss
the factors affecting composition levels:

(i) Lith ium Content. Three wt. % is considered necessary to meet program
goal A. Sankaran (Ref. A-3), using 2024 + 3 wt .% Li found an increase
in specific modulus of about 30%. Webster (Ref. A-2) also using 2024 + 3
wt. % LI found an increase of 28%. Lower Li levels can be examined if
necessary in the second iteration of alloys . Two wt. %~. Li would proba bly
meet the lower specific modulus requirement of goal B and at the same
time allow increased strengthening contribution from other elements such
as Cu as a result of the increased solid solubility of these elements at the
solution treatment temperature . A lower Li level would also be expected
to increase fracture toughness.

A-7
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TABLE A— i. SELECTION OF ALLOYS CONTAINING LITHIUM
SUMMARY OF MAJOR FACTORS INVOLVED

All Alloys

ContaIn 3 wt % Li to meet goal A
Contain other elements to control secondary properties

First Four Alloys
Based on Al-Cu-Li system
Compare high purity and commercial purity lithium
Evaluate two different Cu level s
Compare two different grain refining eleinents

Second Four Alloys
Contain approximately 1 wt % of dispersoid forming elements
Evaluate effect of dispersoid on toughness
Evaluate effect of dispersoid on grain stabilization

TABLE A-2 . LMSC FIRST ITERATION ALLOYS

Composition~~ (Weight Percent )
Alloy No.

Li’ ‘ Cu Zr Mn Fe Ni Co

1.1 3.0 4.0 0. 2 — — — —

1.2 3. 0 2.0 0. 2 — — — —

1.3 3 0 (c) 4.0 0. 2 — — — —

1.4 3.0 4.0 — 0.4 — — —

1.5 3 ,0 — 1.0 — — — —

1.6 3.0 — — 1.5  — — —

1.7 3.0 — — — 0. 5 0.5 —

1.8 3.0 — — — 0.5 — 0.5

(a) Balance aluminum
(b) High purity except as noted
(c) Commercial purity

A-B
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(2) Lithium Purity. (a) H igh purity : Highest purity available at reasonable
cost ($70/lb for 20 — 30 lb lots) contains 0. 007% Na , maximum , and is
purified by vapor distillation or electrolysis . This Na level will give
about 2 ppm in the fina l alloy , probabl y comparable with the Na content
of the Al which will be used. (b) Commercial purity : Typical commercia l
purity Li containing 0.05% Na will be used for comparison purposes.

(3) Cu Content. A lower Cu content has been selected than in 2020 (4. 5~ Cu)
and 2024 (4. Cu) in order to produce less undissolved second phase at
the solutio n treatment temperature. (Note that 2048 contains 3. 3(~ Cu and
less Fe and Si than 2024 and shows 50% higher toughness at the same
strength level.) Two levels have been selected for first iteration alloys —
4% and 2%. Four-percent Cu will have some insoluble second phase par-
ticles at solution treatment temperatures in the range 5000 to 525°C, but
they should be present as a very fine incoherent dispersion as a result of
the rapid solidification. They should therefore assist in the dispersal of
slip. Two—percent Cu will show only a small amount of insoluble second
phase. These two Cu levels have been selected to define the probable
range within which second iteration compositions will be examined.

(4) Mg Content. No Mg will be used in the first iteration alloys. Small amounts
can be added in second it~ration alloys if desirable. Advantages of Mg are
that it intensifies strengthening (in Al—Cu—Mg alloys) and gives a small
density improvement. Disadvantages are that in alloys containing Cu and
Mg a eutectic occurs at a temperature -.508°C, limiting solution treatment
temperatures to less than 500°C. Also, the presence of Mg may allow
heterogeneous ~~ain boundary precipitation of A12MgLi to occur and decrease
the fracture toughness .

(5) Grain Stabilj zin~ Elements. Elements which have been used in high-
strength Al alloys are Mn, Zr, Cr , and Co. Ma and Zr are usually used

A-S 
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In 2000 series alloys. Cr is usually used in 7000 series alloys. Co is

used in MA87. For Cu-containing alloys, solution treatment temperatures

as high as 500° to 525°C may be required to dissolve as much as possible
of the Cu-containing phases. This procedure will probably require use of
Zr rather than Mn for grain stabilization. Sanders (Ref. A-4) found that in
binary Al—Li alloys Zr (0. 14%) suppressed recrystallization far better than
Mn (0.32%) , and far better in the Al—Li alloy than in other Al alloys . Afte r
solution treatment temperatures of 552°C , the inicrostructure was basically
unrecrystallized . The grains were highly elongated , and the grain width
appeared to be 2 ~m. Thus, 0. 14% was sufficient to stabilize this grain
size. Fulmer Research Institute (Ref. A—il) used 0. 2~,’b Zr in its Al—Mg—

Li—Zr alloys. For the present study, 0.2 wt. % Zr has been selected for
the first three alloys and 0.4 wt% Mn for the fourth alloy.

Increased amounts of Zr will be examined in the second iteration of alloys
if 0.2% is found insufficient. It should be noted that other grain-stabilizing
particles are also present, such as oxide particles from the surface of the
splats . For example , MA87 made from atomized powder contains approxi-
mately 0 . 5% by volume of oxide . The amount of oxide in splat is reportedly
less than in atomized powder by a factor of two (Ref. A-12). Also , the
composition of the oxide is different. These factors will be investigated in
the present work.

(6) Impurity Elements (Fe and Si). Rapid solidification will give a very fine
dispersion of Fe- and Si-containing particles and probably eliminate the
normal deleterious effect of these elements on toughness, which occurs in
ingot cast alloys . Nevertheless , It was decided to keep both Fe and Si
levels less than 0.1% with target values of Fe 0.06% , Si 0.04w , since no
significant cost increase is Incurred by using Al of this purity level.

A-il Fulme r Research Institute advertising flyer , undated.
A— 12 F. H. Biliman , private communication , 1978.
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(7) Addition of Cd. Small amounts of Cd (and other elements such as Sn) are
known to improve the properties of Al -Cu-Li alloys. However , in Al-Cu-Li
alloys containing 0— 2 .5% Li , Silcock (Ref . A—13) found that significant in-
creases in hardness and yield stress resulting f rom Cd additions were only
observed for low Li contents in the range of 1 to 2%, and at 2 to 2 .5% Li
there was very little effect of Cd. This suggests that there may be little

effect at the 3% Li level. Also, OSHA requirements dictate against the in-
clusion of toxic elements such as Cd and Be. Therefore , no Cd additions
will be made in first-iteration alloys. Additions can be considered for
second-iteration alloys, if desired.

A .3.2 Second Four Alloys

Compositions. The alloys will contain 3 wt% Li to meet the property goal A. In addition,
each alloy will contain approximately 1 wt % of the following elements, or combinations
of two elements — Zr, Mn, Fe + Ni, Fe + Co. These elementc have been selec~ed to
produce a fine dispersion of nondeformable particles which will serve two primary
functions:

(1) To inhibit the localization of slip which occurs in Al-Li alloys , and which
leads to low toughness

(2) To stabilize the fine grain size produced by the rapid solidification

The major factors involved in selection of the second four alloys are summarized in
Table A-i , and the alloy compositions are given in Table A-2 .

Factors Affecting Composition Levels. The optimum volume fraction of nondeforming

dispersold for dispersing slip and improving toughness is not known, but is likely to

be in the range of 1 to 5%. More than this amount will probably decrease

A-la 3. M. Silcock, “The Structural Aging Characteristics of Al—Cu-Li Alloys , ”
J. Inst. Metal s, Vol . 88, 1959—1960 , p. 357.

A—li
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toughness as a result of the particles acting as sites for void initiation. The optimum

amount will be a function of the composition, structure, size, and degree of coherency

of the dispersoid particles, and also the volume fraction of the coherent , ordered

AI3Li phase. Factors used in selecting dispersoid-forming elements for the second
four alloys were: (1) the ability to disperse slip, (2) the thermal stability, and
(3) the grain refining ability. These estimated properties together with other expected
contributions to strength and modulus are shown in Table A-3 for the various disper-
soids . The concentration levels were selected to give the anticipated optimum volume
fraction for each individual alloy system. The concentrations were not selected to
give the same volume fraction of dispersoid for each alloy, since it was believed that
this would have required more Zr than desirable , and less Mn than desirabl e, based

on previous results in the literature. The optimum concentrations will be determined
in subsequent alloy iterations, after promising systems have been identified .

Advantages and disadvantages of each alloy system are summarized below:

Al-Li-Zr:

(1) Ability to disperse slip. Al3Zr when first precipitated is coherent and would
not disperse slip, which could be a disadvantage. However, it would stabilize

a very fine grain size and provide a useful test of the ability of a fine grain

size without nonshearable particles to disperse slip. By prolonged aging it
might be possible to overage the Al3 Zr and obtain an incoherent dispersoid
which would disperse slip .

(2) Extended solid solubiity of Zr is achieved by rapid solidification (Sahin and
Jones Ref . A-14).

(3) Al3Zr Is Isostructural with Al3Li;  hence Zr may substitute for Li , and

thereby modify the strength and stability of the AI3Li phase .

A-14 E. Sahin and H. Jones, “Extended Solid Solubility, Grain Refinement and Age-
Hardening In Al — 1 to 13 wt % Zr Rapidly Quenched from the Melt,” Third
International Conference on Rapidly Solidified Metal s, University of Sussex,
Brighton , England , 3— 7 July 1978.

A— 12
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TABLE A-3. PROPERTIES OF DISPERSOID-FORMING ELEMENTS SELECTED
FOR SECOND FOUR ALLOY COMPOSITIONS

Element Zr Mn Fe + Ni Fe + Co
Dispersoid Al3Zr Al6Mn Al9(Fe ,Ni) 2 Al9(Fe , Co) 2
Degree of Coherency Coherent/ Incoherent Incoherent Incoherent

Incoherent
Ability to Disperse Slip Poor/Good Good Good Good
Thermal Stability Excellent Reasonable Excellent Excellent
Grain Refining Ability Excellent Good Excellent Excellent
Wt % Selected 1.0 1.5 1.0 1.0
Calculated Vol % of Dispersoid 1.2 5.2 - 2 .5 2 .5
Contribution to Strength Significant Reasonable Significant Significant
Contribution to Modulus Small Small Small Small

(4) DispersIon of Al3Zr is very stable because of (a) low diffus ivity of Zr , and
(b) high stability of A13Zr (melting point 1580°C).

(5) Dispersion of Al3Zr is very effective in preventing recrystallization and
grain growth.

- 

- (6) Zr shows a substantial age hardening response in rapidly solidified
material (Ref. A—14) .

(7) Zr can be expected to show a small contribution to an increase in modulus
as a result of (a) precipitation of Al3Zr , and (b) decreasing the solid
solubility of Li.

(8) Previous work on rapidly solidified Al-8 wt % Fe alloys showed significant
increases in strength as a result of the addition of 1. wt % Zr , although the
ductility was lower (Ref. A—is) .

A-is G. Thur sfield and M. 3. Stowell , “Mechanical Properties of Al-8 wt % Fe-
Based Alloys Prepared by Rapid Quenching From the Liquid State , ”
J. Mater. Sci., Vol . 9, 1974 , p. 1644.

A-13



Al-LI-Mn:

(1) Mn forms an incoherent , nonshearable dispersoid of AI6Mn which should
be very effective in dispersing slip.

(2) Extended solid solubiity of Mn is achieved by rapid solidification. Also for
relatively high Mn contents in the range 1 to 2 wt %, rapid solidification will
allow finer dispersion of Al6Mn to be precipitated than is possible by heat
treatment of ingot alloys.

(3) Dispersion of Al6Mn is reasonably stable , although not as stable as A13Zr.
(4) Dispersion of A16Mn is reasonably effective in preventing recrystallization

and grain growth.
(5) Dispersion of Al6Mn will provide a small strength contribution.
(6) Mn will provide a small modulus contribution as a result of (a) precipita-

tion of A16Mn , and (b) decreasing the solid solubulity of Li .
(7) Previous work on rapidly solidified Al-8 wt % Fe alloys showed significant

strength increases as a result of the addition of 1—3 wt % Mn, although
the ductility was lower (Ref . A—15) .

Al-Li-Fe-Ni and Al -Li-Fe-Co:

(1) Fe + Ni and Fe + Co form incoherent , nonshearable dispersoids based on
A19(Fe , NI)2 and A19(Fe , Co)2 that should be very effective in dispersing
slip .

(2) Extended solid solubility of Fe + Ni and Fe + Co is achieved by rapid
solidification.

(3) Dispersions of A19(Fe ,Ni)2 and A19(Fe , Co) 2 are very stable.
(4) DIspersions of A19(Fe, Ni) 2 and Al 9(Fe , Co) 2 are very effective in preventing

recrystallization and grain growth.
(5) Dispersion of Al 9(Fe ,Ni)2 and Al9(Fe ,Co) 2 should provide significant con-

tributiorts to strength .
(6) Dispersions of A19(Fe , Ni)2 and A19(Fe , Co)2 should provide a small con-

tributlon to modulus.

A— 14
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(7) Previous work on rapidly solidified 7075 type alloys has shown significant

increases in strength , with reasonable ductility, as a result of the addition

of 1 wt % Fe + 1 wt % Ni (Ref . A-16) . MA87 alloy contains approximately

0.5 wt % Co for grain refinement and secondary property improvement

(Ref s. A-17 and A-18). Al conductor alloys have been developed , contain-

ing small amounts (approximately 0.5 wt %) of Fe + Co and Ni + Co , to

form fine stable dispersoids (Ref . A-19) .

A-16 J. P. H. A . Durand , R. M . Pelloux , and N . J. Grant , “P roperties of Splat
Quenched 7075 Al Type Alloys, ” Proc. Second Int. Conf. on Rapidl y Quenched
Metals, Vol . II, 1975, p. 247

A-17 J. P. Lyle and W. S. Cebulak , “Powder Metallurgy Approach for Control of
Microstructure and Properties in High Strength Al Alloys , ” Met. Trans.,
Vol . 6A, 1975, p . 685

A-18 W. L. Otto, Metallurgical Factors Controlling Structure in High Strength Al
P/M Prod~ç~~ Final Report , Contract No. F336i5-74-C-5077 , AFML-TR-
76—60 , May 1976

A-19 E. A. Starke, Jr., “Aluminum Alloys of the 70’s: Scientific Solutions to
Engineering Problems ,” An invited review, Material Sci. Eng ., Vol . 29 ,
1977, p. 99
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Appendix B
ALCOA FIRST ITERATION ALLOYS: RATIONALE FOR ALLOY SELECTION

(Phase I, Task U)

B. 1 INTRODUCTION

The attainm ent of a high specific modulus of elasticity, E/p , in conventional
aluminum alloys produced by ingot metallurgy techniques is complicated by several
fundamental problems. It is well known that one may obtain modulus increases in
alloys by the precipitation of a second phase of high modulus, by texture manipulation
and solid solution alloying (Refs. B-i through B-5). Concomitantly, one may add a
solute species of sufficiently low density relative to aluminum to reduce the overall
density of the alloy, and at equivalent modulus values , increase the specific modulus.

These approaches are generally confounded in aluminum metallurgy by the low

solidification rates of ingot metallurgy. Low solidification rates do not allow a suffi-
ciently large saturation of the melt to be retained as large solid-state supersaturation;
therefore, neither a uniform distribution of small, high modulus precipitates nor the
necessary volume fraction of them can be obtained. The phase nucleates in the melt

or during the solidification process as large inh omogeneously distribu ted constituent
particles and dispersoids, in which cuse their influence on modulus is minimal (Ref .
B—5). It is also known that increase in modulus by solid solution alloying can be

B-i W. Koster, W. Rauscher , “The Relationship Between the Modulus of Elasticity
of Two-Phase Alloys and Their Structure , ” Z. MetaUkunde, Vol. 39 , 1948,
p. 111

B-2 G. Bradfield , “Influence of Electron Concentration on the Elasticity of Al
Alloys,” Phil Mag, Vol. 13, 1966, p. 211

B-3 K . R . VanHorn , “Aluminum ,” Vol . 1, Properties, Physical Metallurgy and
Phase Diagrams , ed. K . R . VanHorn , American Society for Metals , 1967 , —

p . 181
B-4 E . Kovacs-Csetenyk , “The Effect of a Small Amount of Additional Elements on

the Young ’s Modulus of High Purity Aluminum, ” Aluminum, Vol . 11, 1976 ,
p. 669

B-5 P . Ganesan , G. A . Sargent , B . J . DeAngells, “A Method to Estimate the Volume
Fraction of Precipitates with Ellipsoidal Morphology from Elastic Modulus Data , ”
Metallography, Vol . 10, 1977 , p. 399
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obtained , but the increase is relatively low unless significant supersaturation is
obtained. If such a situation is obtained , the loss of solid solution in subsequent
thermal treatments does not make this approach worthwhile unless the precipitate it-
self leads to modulus increase. Furthermore , many available solute species for this
method (Ref . B-4) are of greater density than aluminum , so that the variation of density
counters the Increase in modulus. As a result , there Is little specific modulus increase
by solid solution alloying.

The purpose of this work is to explore the use of excess solute additions and subsequent
controlled precipitation In the consolidation , forming and aging processes of aluminum
alloys made from rapidly solidified particulates (RSP) , and to apply sound principles
of alloy design and development in the selection of composition, production , and con-
solidation in order to obtain alloys of high specific modulus meeting program goals.

B .2 OBJECTWE

The objective of this work is to produce RSP aluminum alloys of 30 percent higher
specific modulus than 7075-T76 with minimal loss of strength, toughness , fatigue,
and stress-corrosion cracking properties. To achieve this end, it will be necessary
to characterize the interaction of alloy composition and deformation with consolidation
and formIng processes.

B. 2. 1 ScIentific Rationale

It is believed that a direct method to obtain a high specific modulus can be achieved by
using the rapid solidification rates of RSP alloys. Rapid solidification will allow re-
tentlon of high supersaturation of solute In the solid state. During the subsequent con—
solidatlon and forming processes, and possibly during later thermal treatments, the
decomposition of the supersaturated solid solution will be manipulated to produce a
uniform dispersion of intermetallic precipitate phases of high modulus in sufficient
volume fraction that the resultant alloy’s specific modulus attains program goals.

B—2
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Further improvements in specific modulus will be sought by additions of solutes of
lower density than aluminum to lower alloy density.

Because of the high supersaturation of the alloy and the need for exposure to
deformation and at least moderately high temperatures during consolidation and
forming, it is believed that the finished product form will contain a high volume frac-
tion of the modulus hardening phase in an “overaged, ” or incoherent , condition. Al-
though solute species with low atomic diffusivities are intended to be used , unless
unique combinations of solute and solidification rates are found that severely depress
the normal kinetics of precipitation , the alloy microstructures will be characterized
by the dispersion—hardened state of incoherent precipitates. To obtain the optimum
distribution of precipitate sizes and shapes in such a situation, the decomposition of
the alloy will have to be manipulated by composition choice and thermal treatment
du ring consolidation .

B. 2 .2 Considerations of Strengthening Mechanisms

In consideration of the foregoing comments , the discussion of strengthening mecha-
nisms in these alloys need s only to distinguish between coherent and incoherent precipi-
tates , the strengthening due to grain size , and the influence of size and volume fraction
of second phases . Precipitation hardening can be usefully divided into two classes de-
pending on the precipitate coherency . In the case of coherent precipitates , as the
volume fraction of the precipitated phase increases relative to its size , the incremen-
tal change in flow stress increases due to dislocation interaction with precipitate struc-
ture and strain fields until the precipitates lose coherency. At this point , a transition
to Orowan hardening and lower flow stress occurs (Refs . B—6 and B-7) .  This is

B-6 H. Gleiter , E . Hornbogen , “P recipitation Hardening by Coherent Particles , ”
Mat. Sci. Engr. , Vol . 2 , 1968 , p. 285

B— 7 L. M. Brown , R. K . Ham, “Dislocation-Particle Interactions , ” Strengthening
Mechanisms in Crystal s, Eds. A. Kelly and R. B. Nicholson , New York,
John Wiley and Sons, 1971, p. 12
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illustrated schematically in Figure B-i. It is expected that the realm of hardening in
the proposed alloy systems will be confin ed to the right of the maximum flow stress
peak . By suitable manipulation of deformation and time at temperature exposure of the
of the RSP during consolidation and fabrication , It is intended to produce dispersions
of precipitates which lead to high specific modulus and also lead to higher flow stresses
on the right side of the flow stress peak on the curve In Figure B-i.

A further strengthening mechanism which is accessible in RSP alloys is grain size
strengthening. In the range of grain sizes of ingot metallurgy, significant strengthen-
ing cannot be obtained by this method (Ref s. B-8 and B-9) unless unusual thermal
mechanical treatments are employed (Ref . B-b ). However , at sufficiently small
grain sizes , ~ 5 ~mi , the contribution of grain size to alloy flow stress may become

significant .

B.2 .3 Considerations of Alloy Ductility

The intent of this work Is to use relatively large volume fractions of high modulus
interinetallic precipitates. When one is dealing with large volume fractions of small

— 
- 

coherent or incoherent precipitates, there will be a loss of macroscopic ductility.
The absolute loss will depend on the strength of the precipitates , their size and spatial
distribution , and the strength of the particle-matrix Interface. Although high modulus
intermetalhic phases are generally phases of limited ductility, it is possible to manip-
ulate the ductility of the phase by alloy additions that alter either the long range order
parameter or the ordering energy . It may be possible with this approach to increase
particle plasticity (and alloy ductility) without detriment to the high modulus of the
phase. A more ductile precipitate will allow more plastic accommodation of slip

B-8 A . W. Thompson , “Substructure Strengthening Mechanisms, ” Met Trans .,
1977 , Vol. 8A , p. 833

B-9 B. .1. McElroy , Z. C. Szkopiak , “Dislocation-Substructure-Strengthening in
Mechanical-Thermal —Treatment of Metals, ” Intnq Met. Rev. , Vol. 17, i972 ,
p. 175

B-b G. Waldman , G. Sulinskl , and H . Marcu s, “The Effect of Ingot Processing
Treatments on the Grain Size and Properties of Al Alloy 7075, ” Met. Trans.,
Vol . 5, 1974 , p. 573
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dislocations at the particle-matrix interface and will reduce the tendency for brittle
fracture of the precipitate (Ref. B-li). The uniform distribution of small precipitates
will increase f racture ductility by avoiding localized plasticity associated with large
particles in a heterogeneous distribution .

The other major source of reduced ductility in powder—metallurgy alloys is associated
with the lack of interparticle bonding and gas evolution in the consolidation process.
It is anticipated that avoidance of excessive gas evolution by proper thermal pretreat-
ment of the loose RSP will eliminate the major source of gas evolution , the hydrated
oxide film.

Although the techniques of interparticle bonding are fairl y well understood in atomized
powder metallurgy (Ref . B-b2) , the consolidation of flat flakes present s further diffi-
culties since the flake s tend to compress fl at against each other without significant
plastic movement to break up the oxide film during compaction. This leaves a highly
oriented , directional structure in the hot consolidated form which enhances premature
fracture behavior. It is anticipated that understanding the deformation fundamentals
of compacting flat flakes will significantly enhance the production of ductile alloys by
improved interparticle bonding.

B.3 APPROACH

Past work at Alcoa Laboratories has indicated that high modulus second-phase
precipitates can be produced in the size and spatial distributions and necessary
amounts to effect high specific modulus In alloys by the use of rapid solidification
techniques. Although these efforts have produced rapidly solidified particulate alloys
of specific modulus ranging from 10 to 38 percent higher than 7075-T76 , their ductility-
related properties and/or strength properties have suffered. Analysis of the early

B-li M. F . Ashby, “The Deformation of Plastically Non-Homogeneou s Alloys, ”
Strengthening Methods In Crystal s, Eds. A . Kelly, R. B. Nicholson , New York
John Wiley and Sons, 1971, p. 137

B-12 W. S. Cebuh~k, Program to Develop High-Strength Aluminum Powder Metallurgy
Products~ Phase IVa, Vacuum Process Verification, Second Quarterly Report,
Contract DAA25-72—C -0593, 1973 January 31
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work suggests that this has occurred because of an incomplete understanding of the
importance of control of microstructural decomposition in the consolidation and form-
ing processes, the mechanics of particle bonding and gas evolution in consolidation
and the interaction of alloy composition with these processes . More recent results
at this laboratory indicate that the cooling rate during solidification of atomized pow -

ders is not sufficient to obtain optimum supersaturation for high specific modulus in

some alloys, but that the newly developed Alcoa splat process has significantl y higher

solidifica tion rates and subsequently higher solid-state supersaturations .

On the basis of the preceding discussion , we believe the optimum high specific modulus

alloy with acceptable secondary properties will be obtained in material with a large
volume fraction of uniformly dispersed, small precipitates of an intermetallic com-

pound. It is believed that the necessary solute supersaturation required for this ap-
— proach can be best obtained with the use of rapidly solidified particulate materials.

It is further maintained that the consolidation of loose RSP for the successful conclu-
sion of the program will require an understanding of the interplay between alloy com-

position , deformation in consolidation processing, and strength and ductilit’ —related

properties. The following guidelines will be used in the program of research. It is
desired to obtain precipitation reactions of slow kinetics. Solu te additions will be
sought which have low solid—stat e diffusivities and which form either equilibrium or
metastable equilibrium ordered compounds of high modulus. The use of oxides for
precipitation hardening is not anticipated . Use of splat solidification techniques and
comparison with atomized powder (P/M) techniques is desired to obtain large solid-state

supersaturation of desired solute species. It is necessary to develop understanding of

optimum combinations of alloy composition , consolidation parameters , and thermal

and deformation processing to maximize the resultant precipitate distribution. No

specific attempt will be made to suppress nucleation and growth of solid-state precipi—
tates except in cases where unusual solid solution metastability indicates such an ap—
proach to be worthwhile. For the alloys of interest, decomposition is inevitable and
re -solutionizing is impossible because of limited solid-state solubility . Consequently,

B-7
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it will be necessary to nipulate the decomposition process to obtain useful precipi-
tate distributions . Deformation processing In the consolidation process may aid this
imuilpulation of the precipitation reaction. Successful development of new alloys may

also require understanding of the details of gas evolution from loose RSP.

B.4 FIRST ITERATION ALLOYS

The first eight aUoy compositions are listed in Table B—i . The chosen alloys are
based on the Al-Fe-Co and Al—Mn(Si) systems. Development of Al-Fe-Co and Al-Mn
alloys, among many others , in the AFML Contract F33615-77-C-5086 has shown that
these systems exhibit particularly high modulus of elasticity. Similarly , ALCOA
internal research and development has shown that very high specific modulus values
are potentially obtainable with the use of rapid solidification technology.

TABLE B-i. ALCOA FIRST ITERATIO N ALLOYS

• Al-Fe-Ni-Co Compositions
Alloy No. At. % Weight % Tota

A
lS

~~
ute

~
Fe Ni Co Fe Ni Co

2.1 1.67 1.67 1.67 3.27 3.44 3.45 5

2.2 1.67 1.11 2.22 3.27 2.28 4.59 5

2.3 1.67 2.22 1.11 3.27 4.57 2.29 5

2.4 2.5 2.5 2.5 4.77 5.00 5.03 7.5

Al-Mn-Si Compositions
Alloy No. At. % Weight % Tot

~
lSo

~,~
ute

~
Mn Si Mn Si

2.5 5.0 0 9.68 0 5

2.6 5.0 2.5 9.68 2.47 5 
- -

2.7 2.5 5.0 4.95 5.06 5
2.8 7.5 0 14.17 0 7.5
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The following data are limited to tensile properties. In several cases , different product
forms , i.e , extrusions and forgings , and variations in thermal processing during con-
solidation were used . Therefore , caution must be exercised in using these data for ab-
solute quantitative comparisons. The data do suggest alloy families and alloy design ap-
proaches that may improve mechanical properties to the level of program pals.

Figures B-2 , B-3 and Table B-2 illustrate the relationship of specific modulus to
specific strength and ductility in four alloy systems. It is clear that Al-Fe-Co and
Al-Fe-Ni produce combinations of specific strength and modulus near those of the con-
tract goals. The Al-Mn data show that improvement in specific strength with the same
modulus values can result in higher values of both specific strength and modulus, if
the alloy density is reduced .

TABLE B-2 . PROPERTY VA LUES USED IN FIGUR E B-2

All Density E/p
4 03’ (lb/in 3) ( x106 in. ) ( x1O3 in.)

4.8 Fe—5.0 Co 0.105 120.9 509.1 Forging
4.8 Fe-5.0 Co 0. 105 118.0 744.5 Forging
2.2 Fe—5. 1 Co 0. 104 113.5 347.5 Extrusion

4.7 Fe—6 .9 Ni 0.107 123.3 452.3 ExtrusIon
4.5 Fe—7.0 Ni 0.107 121.0 565.4 Extrusion
4.6 Fe—5.0 Ni 0.104 114.9 475.0 Forging
4.6 Fe—5.0 Ni 0.104 117.8 757.2 Forging

15.6 Mn 0. 108 147.2 590. 0(a) Extrusion
10.6 Mn 0. 104 125.0 390.4 Extrusion
9.5 Mn 0.104 125.5 432.9 Forging

29.6 Si 0.093 136.6 200.0 Extrusion

18.5 Si 0.095 124.6 149.5 Extrusion
17.8 Si 0.095 117.9 252 .6 Extrusion

(a) Invalid yield strength due to premature failure.
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The variations in alloy ductility , shown in Figure B-3, indicate the importance of billet

processing . In general , the trend that is observed is one of decreasing ductility with

increasing specific modulus. The low values of ductility in Al-Fe-Co and Al-Fe-Ni are

likely the result of no vacuum hot-pressing. It is believed that the ductility of both the

Al-Mn and Al-Fe-Ni-Co systems can be Improved by using vacuum processing .

Figure B-4 includes a plot of Mn content as a function of specific modulus of F-temper

r alloys. This figure is useful for identifying composition levels. From these data , a

binary Al-Mn alloy will need about 12 wt. % Mn for obtaining the goal A and about

10 wt. % for goal B. For a fixed Fe content in the Al-Fe-Ni system , specific modulus

values exceeding goal B may be accessible only with excessive solute content where

reduced ductility is a problem. See, for example , Figure B-3.

Since the high modulus of both the Al-Mn and Al-Fe-Co system is a result of a large

volume fraction of dispersed intermetallic phases of high modulus , it is understandable

that modulus should increase with total solute content presuming an effective precipi—

tate distribution can be obtained . It is recognized that alloy toughness will change in-

versely with this trend ; therefore , a range of solute content must be examined to iden-

tify the optimal combination of modulus, strength , and toughness. Two levels of

solute need to be considered in both Al-Mn and Al-Fe-Co alloys to examine the effect.

To improve ductility of the Al-Mn system and to lower alloy density such that equiva-

lent specific modulus and higher specific yield strength can be obtained with lower Mn

content , the addition of Si to the Al-Mn alloys is Included in this first iteration . To im-

prove the ductility of the intermetallic phase , Co2A19, in the Al-Fe-Co system, which

may offer improved ductility of the alloy , the addition of Ni ~s a partial replacement

for Co is included . As Table B-3 shows , the limited data suggest that higher specific

modulus can be obtained for weight ratios of Ni:Fe greater than 1. It also will be use-

ful to vary the relative proportions of , Co , and Ni to examine this effect on modulus

since the modulus increase is due to the presence of the intermetallic, ordered com-

pounds. With the proper experimental design , these trends will be examined at one

total solute level and extrapolated to the other solute level .

B-l2
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TABLE B 3 .  THE POSSIBLE EFFECT OF Ni:Fe RATIO ON
MODULUS OF E LASTICITY

Composition Ni:Fe Specific Modulus
(wt . %) (wt. % ratio) (x 104 In. )

Al—4.7 Fe—6 . 9 Ni 1.47 123.3

A1—4.5 Fe—7.0 Ni 1.56 121.0
Al 4.6 Fe—4.99 Ni 1.08 117.8 - ‘

The first alloy iteration should answer these questions concerning solute identity and
amount:

1. Is Ni a viable addition to the Al-Fe-Co system?

2. What Is the approximate solute level of Fe-Co-Ni necessary for obtain-

ing specific modulus goals?

3. What is the best relative ratio of Fe , Co, Ni for property benefit?

4. Is Si a viable addition for lowering denstty,improving ductility, and
specific strength in the Al-Mn system?

5. What is the approximate solute level of Mn necessary to meet the
program’s specific modulus goal?

B-14



Appendix C

METHODOLOGY FOR PREDICTION OF WEIGHT SAVINGS FROM
STRUCTURAL MATERIA L PROPERT Y DATA

Major payoffs for new aerospace structures in terms of weight savings , performance,

and life—cycle cost are anticipated from the successful development of advanced alumi-

num alloys. To optimize weight savings for a particular aerospace structure , an ac-

curate prediction is desired of weight savings resulting from specific values of primary

and secondary structural design properties. The primary properties include deiiaity,

modulus of elasticity, and strength . The secondary properties Include fatigue , frac-

ture toughness, and stress corrosion resistance. A method of predicting weight

savings resulting from material (property set) substitution for specific aircraft struc-

tures has been developed . This analytical tool is intended to be simple and suitable

for computerized calculations so that direction can be provided for both alloy develop-

ment and process development . As a result , optimum weight savings payoffs can be

made by identifying optimum primary and secondary properties for specified aircraft

structures . In the following, the analytical procedure Is described with an example

Included for the S-3A Viking carrier-based ASW patrol plane . It should be noted that

refinements to this model are being developed as described in the body of this report .

C.1 DEFINITION OF TERMS

a = length or crack length

b = width
t = thickness

te 
= equivalent thickness, str inzer rea + :k~~ area

L = rib or frame spacing

L0 = effective rib spacing for column

C-’



Ftu = ultimate tensile strength
Ft~ 

= tensile yield strength
F0~ = compressive yield strength
F~ 

= compressio ll stress
F = allowable column stress
Fccr = initial buckling stress
Fcr = allowable crippling stress
F = DADTA ultimate stress cutoff
0 = applied stress
if = maximum applied stressmax 2

= ( 1 - R )max
R = ratio of minimum to maximum applied stress
Et = Modulus of elasticity — tension
E0 = modulus of elasticity — compression

E5 = secant modulus
ET = tangent modulus 

-

G = shear modulus 2(1 +
= Poisson ratio

n = Ramberg Osgood parameter for fatigue
K = stress intensity or stability constant

~ max = maximum stress intensity
= K (1 - R)
= K::: (1 - R) m 

; m = 0.5 for aluminum alloys

‘S 
= stress concentration factor

K0 = structural shape factor
C = geometric shape factor
I = moment of inertia
A = cross sectional area
p = radius of gyration
6 = material density

N = unit compression loading or number of cycles

11 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

——



-

q = unit shear loading
W = weight

W1 = component weight using basic origina l structural material
W2 = component weight using new structural material

C. 2 ANA LYTICAL PROCEDUR E

Four steps are taken in the analytical procedure :

1. Define the primary and secondary structural properties which size an
airframe

2. Compute equivalent weight ratios for each failure mode criterion
3. Determine fraction of aircraft structural weight sized by each failure mode

criterion
4. Determine weight reduction payoff

[1 — (weight ratio) (fraction of structural weight) ] (basic weight)

The steps are discussed below.

C. 2. 1 STEP 1 — Define Structural Parameters That Size the Vehicle

• Static Strength

Ultimate tensile strength =

Tensile yield strength at 0.2% offset strain = FtyO .2
(if less than 2/3 F~~

)

Cothpressive yield strength at 0.7% offset strain = Fcy0 7

• Stiffness

Tensile modulus of elasticity = Et
Compression modulus of elasticity =

I
- -‘- — . _ . L . ~ . a 
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Compression secant modulus =

Compression tangent modulus = ET
Poisson ratio =

EShear modulus = 2 (1 +

(The required values for static strength and stiffness requirement are obtained

from the stress-strain curve as shown below in Figure C-i.)

STRESS F

TENS 
~~~~~~~~~~~~~~~~~~~~~~~ 

tu

.007 SLOPE E

~~~~~
P
~~~~~~~~~? 

ft— STR ~~~~~

Figure C—i. Illustration of selected properties related to
stress—strain curve .

• Durability and Damage Tolerance Assessment (DADTA)

DADTA criteria for a new material are based upon fatigue life , crack propagation,

residual strength (fracture toughness), and stress—corrosion behavior. A cutoff
of maximum allowable stress is derived for the new maLrial based upon cons idera-

tions described in the following paragraphs. The lowest cutoff stress is used for

weight computation where durability and damage tolerance assessment is a critical

factor in the structural design.

C-4
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A fatigue —allowable stress cutoff at ultimate design load for a new material is ob-
tained from S-N fatigue data as shown in Figure C-2.

ioc ~ 
NEW MATERIA L (B)

STRESS 3 — F1
2 - ~~ BASE MATER IAL (A)

1 —
I I I I I I I

1 2 3 4 5 6  7
LOG LIFE (CYCLES)

Kt = 4.5 , R = 0 .3

Figure C—2. Illustration of fatigue cutoff stress from S—N data for new material.

From Figure C -2, the cutoff stress for fatigue of the new material (B) is the ratio
of F2/F1 times the cutoff stress of the original material (A). A 100 , 000— cycle
fatigue design requirement is illustrated here .

The crack propagation cutoff stress at ultimate design load for a new material is
H obtained from da/dN crack growth data as shown in Figure C-3.

H BASE I
MATERIAL (Ay,

_______ i~4�~ MATER IAL (B)- j ~ IWCYCLE 

/ ~~~~~

aK

Figure C—3. Illustration of crack propagation cutoff stress t~rms for new material
substitution. = C~ K1 ; = C~.K2 .

C-5
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From Figure C -3, the crack propagation cutoff stress for the new material (B) is
the ratio of times the cutoff stress of the original material (A). The figure
Illustrates an example of 5 x 1O5 in. /cycle as the important crack-growth rate for

material comparison.

The residual strength (or fracture toughness, K~ ) cutoff at ultimate design load for

a new material is obtained from fracture stress versus flaw size data as shown in

Figure C-4.

0C K/ C V~~

B

U 
• = 

511FF SPACING~~~ j  ~~~
-r-~---.

- j r~BAS E MATERIAL A

a , CRACK LENGTh

Figure C—4 . Illustration of residual strength cutoff terms from critical stress
versus crack length data .

From Figure C—4 , the residual strength cutoff stress for the new material (B) is
the ratio of ‘~c21°c1 

times the residual cutoff stress for the original material (A).

The stress corrosion tensile stress cutoff at ultimate design load for a new material
is obtained from sustained loading stress corrosion versus time—to—failure data as
shown in Figure C-5.
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SALT SOLUTION

I NEW MATERIAL (B)

~~~~~~~~~~~~~~~~~~~~~ ffR~~~ A)

bL  I
fiNE TO FAILUR E -

~~~~~ 

-

~~~~~

Figure C—5 . Illustration of stress corrosion cutoff terms from sustained stress
versus time-to—failure in sea water data.

From Figure C—5 , the stress corrosion cutoff stress for the new material (B) is

the ratio of times the cutoff stress of the original material (A). The

example shown in this figure is for an Infinite time—to—failure (threshold) criterion.

For the S—3A Viking Airplane, the DADTA ultimate stress cutoff is the lowest cutoff
stress of the following:

• Fatigue life, based on 1O
5 cycles, Kt = 4.5 and B = -0.3

• Crack propagation, based on 5 x i05 in. /cycle crack growth rate

• Residual strength (fracture toughness) based on 1.5 x critical fracture
stress of crack length equal to spacing of stiffeners or crack-arrest splices

• Stress corrosion, based on 5.25 g ultimate load factor x stress corrosion
threshold stress In salt water

C. 2. 2 STEP 2 — Compute Equivalent Weight Ratios

Seven failure criteria (critical failure modes) are considered for sizing the structure

and for computing the weight ratios. These criteria and the equations for computation

of the weight ratios are presented in Table C—i. These weight ratios are based upon

certain material properties which govern the specified critical cond itions for failure.

C-7

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
_ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _  

‘4



rT 
_ _ _

TABLE C-i. WEIGHT RATIOS

Criteria Failure Mode Weight Ratio
No. 

- _________________________ ___________________________

1 Tensile Strength 6~ Ftu~
61 Ftu2

2 Compressive Strength 6~ Fcy1

~ 
Fcy~

3 Crippling 
~~~~~. ..L~ 

.25 Fcy 1 
.25

6
~ E~2 

Fcy2

4 Compression Surface 6~ E1~~~ F
~~1 

.2

Column & Crippling 
6i E2 Fcy2

5 Buckling - .

Compression or Shear 6~
6

~~

6 Aeroelastic Stiffness 6~

~~~~ 
E2

7 Durability and Damage 62 F1
Tolerance Assessment F2
Cutoff  (DADTA )

I
I-

C-s

H 
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Derivation of the weight ratio equation for each failure mode category is presented

below.

Failure Mode Category No. 1 — Tensile Strength

FW2 61 tu1
W 6 F (C. i)

1 2 tu2

EXAMPLE

LONG ERON

FUS SKIN

I : I TENSION

Failure Mode Category No. 2 — Compressive Strength

FW2 ó~ 
cy1

W 6 F ~C. 2)
1 2 cy2

EXAMPL!

~~~~~~~~HE~~v ::u~G

cOMPRESSION
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Failure Mode Categgry No. 3— Cripp~jng~

For = K (E s Fcy ) ( ~~) (C.3)

0.5F 
— 

/E51 ~
‘cy 1 \ /t 1 \ /b2 C 4F — 

\E5 ~~~ / \ t 2J ~ 
b1

also,

F

F (C.5)
cr2 1

Substituting Eq. (C.5) into Eq. (C.4),

~0. 25
— 2 1 i cy1~r - I r F i ( • )

1 \~~ 2 C~2/

then,

1E F ~0.25
W2 621 Si CY i~ç = ç~ç Fcy )  

(C.7) i
Example

WING
SPAR CAP

LOCA L
FLANGE

STIFFENER INSTABILITY

LOADING

c-b
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Failure Mode Category No. 4 — Compression Surface

F~~ =~~~
- (C.8)

Example
- LO NG

COLUMN

H
RI~~~~~~~~~~~~~~~~~~~~~

PANE L LOCAL I NSTAB % LITV

The section shape factor is assumed constant:

• 1

L s te b (C.9)

I Examples

bit L/P

I CRI PPLING ALLOWABL E LONG COLUMN ALLOWABL E
I STRESS STRESS

I C-li
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For an optimum design structure, the crippling and column allowable stresses

are equated.

Ks N 
_ _ _ _ _ _ _

L0 
= (bit) ( L / p ) 

(C. 10)

and, 
- .

Fcr = 1.60 (Es F~~)° 5  ~ (C . ll)

F0~ 
= 

2 E 1  
= 

2 E~~
2 

(C.l2

For constant rib spacing ,

j gaconataflt, K2 
(C.13)

Combining the above equations ,

F2 0. 5

= 

~~~~ 
(E S F

CY
)015] (Et )  

(C.14 )

F~~
5 

= 1.60 ~~K2 (E t ) F~~
5 (C . 15)

•1
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Assuming Et = Es = E and allowable stress < Frn, ,

F0 = K3 ( E ) ° 4  (F 0~ )°~
2 

, 
(C. 16)

I . where K3 is a constant.

Then

F0 1 ~2 ____= = 

~ç) ~~Fc y )  
(c.17)

Finally ,

- 

Q 4 0. 2

W 1 
— o~ \E~ J ~~Fcy2)  

(C.i8)

Failure Mode Category No. 5 — Buckling.

2
Fccr 

= K E (~~) (C. 19)

FCcr E t b 2
_ _ _ _  = 

(~~ )(it ~a) (C. 20)

or2

If spacing is constant , b1 = D2 ,  then

C-13
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F

F: 
= E ( t

)

2 

(C.21)
or 2

Also,

F
C

t1 F0 
(C.22)

cr 2

Combining Eqs . (C .22) and C.2 1),

t E °3 3  -

= 

(~~~
.) (C.23)

Fiimlly ,

0.33W2 /E J \ 6

~r kr) r (C.24)

Examples;

6 COMPRESSION

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

SHEAR BUCKLING
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Failure Mode Category No. 6 — Aeroelastic Stiffness

The torsional stiffness Is proportional to the skin thickness and shear modulus.

G = 
lh) (C.25)

t2 E~
= for a constant box area (C.26)

1 2

Finally,

W2 E 1 ö2
W — E 6 (C.27)

1 2 1

Failure Mode Category No. 7 — Durability and Damage Tolerance Assessment
(DADTA)

— 

ó1 F1w - r ’ f -  (C . 28)
1 2 2

Example:
CRACK
INITIATION

CR~~~~~~~~~~~~~~~~~~~
#
~~~~~~~~~

WING BOX

Examples of different aluminum alloy structural components in the S—3A Viking and
pertinent Failure Modes are shown in Figure C-6.
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C .2.3 STEP 3—Determine Weight Breakdown by Failure Mode Category

The structural weight fraction which is critical for each failure mode category is

unique for each aircraft or other aerospace structure .

For the S-3A Viking airplane , the aluminum structural weight in the airframe is

distributed by failure mode category and structural group according to Table C-2 .

The weight breakdown by failure mode category for each major component is presented

in Table C-3. This allocation of weight was obta ined from a detailed review of stress

analyses of the structural components and identify ing their critical failure modes.

TABLE C-2 . S-3A VIKING AIRPLANE PRIMARY STRUCTURAL
WEIGHT BREAKDOWN (LB)

I-
Criteria Criteria Control
Category - . Description Wing Fuselage Eznpennage Surfaces Total

1 Tensile 562 1873 75 178 2688
Strength

2 Compressive

__________ 

Strength 
________ __________ ____________ _________ _________

3 Crippling 581 247 452 1280

4 Compressive 583 138 721
Sur fa ce

5 Buckling 642 740 54 32 1 1757

6 Aeroelastic 495 299 100 365 1259
__________ 

Stiffness

7 Damage 552 476 115 77 1220
Tolerance or
Fatigue Cutoff

Total 3415 3388 729 1393 8925

C-17
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TABLE C-3. COMPONENT WEIGHT BREAKDOWN BY FAILURE MODE CATEGORY

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

uaelag. (Continued)
uppe r Surface

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

06 

l 7 3~~~~~~~ 
~~~~

l6o

~~~~~~~~~

J

Lower Surf ace bulkh ..d. A Frame .

Inner Win g 130 200 22 5 Fad Fu.. 400 ] 255 -
(550 l b.) (655 lb.) 

— _~~~~~~ _~~~~ — —

Oute r Win g 
— — — 

i t s  75 ~~ MId Pu.. 600 ii€ - u
( 240 lb.) (778 lb.) 

— — —

Sour. A f t  Fu.. 125 ~~ 57

_ _  ~ _ _

-::: = =
Rib. _________________ — — — — —

Lon.c Wt ng Tot~~ 
-

lnn.r F:ld Jt 76 

— 

ISO 

Ye 1 . 6  Hurl..
Outer Wing 54 ISO I — — — — —
(84 lb.) — — Sur t ac . 138 lOS

Outer Fold Jt 68 86 I 66 — — — — — —

( 22 2  lb.) — — — — ~~~~~~~~~~~~~ ~i66 lb .) 
60 

— —Leading Edge____________________________________________________________ — R ib. & FittIng . 15 90
Inn er and 39 54 (10 5 lb.) — — — — —Ou tnr Wing
(93  lb.) Leadin g Ed ge & 7 5 so 115

— traIling Edge
tr e i l ing  Edge (220 lb.) - -

Inner 70 (00

UlO lb.)______________ iotai _~~~� - fl~ ~~~~~~
Outer 6 5 95 I — —— —

( ( 6 0  lb.) J_~~.. Control Surf ace.
_________________________________________________________________________ — El eva to r  lOS

tot .l 562 561 563 61.2 695 552 (295 lb.)
- - I 

— ___________________________________________________________ — iu.l.1 .c 31 ISO
Fu oclag e ( 1 5 7  lb . )

Longer... 
— Ail eron 26 10

Fad. F u. .  140 140 (96 lb.) — — —(180 lb.) — Flap 1.!. ( 7 8  122 7 5 7 7
Mid Pu.. 70 81 (452 lb.) 

— — -— —~~~~ —~~~~
(150 lb.) Flap L i .  4 7 200
Af t  F... (247 lb.)
(15 lb.) Spoil er. 100 46.

— (146 lb.)

Total  ( 78  452 321 365

C .2.4 STEP 4 — Determine Weight Savings

The weight savings resulting from a material substitution in a specific aerospace
structure are obtained by summing the calculated weight savings for the components
in each failure mode category. To illustrate this procedure, the weight savings are
calculated for the S-3A Viking for substitution of each of three hypothetical alloys —

A , B, and C — for a baseline aluminum alloy 7075-T76.

c-is
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1 . Definition of Primary aj4Secondary Structural Properties Which Size
the Airframe

The properties given in Table C-4 are assumed in this example.

TABLE C-4. ASSUMED ALLOY PROPERTIES AND PARAMETERS

ALL) )Y P R I)  I’ERT I ES

Material F
~ 

E -
~

- ~ 
(II~~IIT A f . ( f  i i  11)

707 5T76 7 3  73 10 . 4 0 . 101  
_______________________

A 80 80 1. 6 I I . ( 187

B 
— 

95 95 14 n 4  0 . 1 08 
— 

51)

C 75 ‘S 10.4 0 . 101  65

PARAMETERS

Material 
F
tu 

Ft Fc~1fl2 ~~
y i10.25 E 1 / E1\~~~~~/E 1\ /E1\~~~ F

1

_ _ _  

~~~ F~ F~~~
j  

F
y i  E2 k~E2) ~~2) ~~2) _ _

7075.— T76 1.00 1.00 1.00 1.00 1.00 1.00 1. 1)0 1.90 1. 1) 0
A .9 1 .92 . 98 98 90 . 97 . 97 . 96 1 . 10

B .7 7  .7 7 . 95 
— 

e 94 .72 .92 n 90 . 88 1. 19
C .97 .97 ~99 • qq 1.00 1.01) 1.00 1.00 .85

2. Computation of Equivalent Weight Ratios for Each Failure Mode Criterion

Using equations from Table C-i and appropriate parameters from Table C-4,

calculate the weight rat ios , W2/W 1 
for each fa ilure mode category .

Table C-5 summarizes these data .

C-19 
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TABLE C-5. CALCULATED WEIGHT RATIOS, (W2/W1)

at egory
1 2 3 4 3 6 7

Alloy 
_______ _______ ________ _______ ________ _______ ________

7076—T76 1.00 1.00 1.00 1.00 1.00 1.00 1.00

A .78 n79 .82 .81 .83 .77 .95

B .83 .82 .93 .89 .97 .77 
- 

1.18

C n 9 7  .97 .99 .99 1.00 1.00 .85

3. Determination of Aircraft Structural Weight Fraction Sized by Each Failure
Mode Criterion

For the S-3A airplane , the weight fraction sized by each failure mode cate-
gory is presented above in Table C-2. As an example, for category No. 1
failure mode criterion , the weight fraction in the wing is 562 lb . and for all
structural components the total weight fraction is 2688 lb.

4. Determine Weight Reduction Payoff

For each failure mode category and structural component , the new weight is
obtained by multiplying the pertinent weight fraction (Table C-2) by the cal-
culated weight ratio related to the new alloy (Table C-5) . For example , the
original weight of tensile strength critical (failure mode category No. 1)
components in the wing Is 562 lb. By substitution of Alloy A , the new weight
for these components would be 562 x O . 7 8  = 438 lb. As shown In Table C-6,
substitution of Alloy A for all seven failure mode categories would result in
a new total of 2823 lb for wing components originally weighing 3415 lb. This
represents a weight savings of 3415 - 2823 = 592 lb. a 17.3-percent weight
savings.

In the entire airframe , the total payoff for a new alloy in terms of weight
savings is the sum of weight saved in all of the structural components . For

C -20
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Alloy A, the total weight savings is 592 (wIng) + 733 (fuselage) + 199

(empennage) + 264 (control surfaces) = 1788 lb , or 20 percent of the

total aluminum structure considered . Using the data in Table C-6 , the

summary of weight saved by substitution of each alloy is given below .

Weight
Alloy Saved Percent

b Change

A 1788 -20

B 994 -11

C 284 -3

Alloy A was assumed to have 14 percent lower density , 10-percent higher

modulus of elasticity, and 10-pe rcent lower DADTA ultimate design stress

cutoff , with respect to Al 7075-T76.

Alloy 13 was assumed to have 30-percent increased strength , 38-percent

Increased modulus of elasticIty , 6 percent Increased density , and 10-

percent lower DADTA ultimate design stress cutoff.

Alloy C was assumed to have an 18-percent increase in DADTA ultimate

design stress cutoff .

The effec t of density decrease on weight savings is Illustrated by comparing the above

results for alloys A and B. Both alloys were assumed to have the same specific

modulus increase, 29.5 percent , and almost the same specific strength increase,

27. 2 and 21.7 percent , respectively . But alloy A saves almost twice as much weight

than alloy B In this particular airframe. The reason Is that a change In density affects

weight change to the first power in all seven failure mode categories , but modulus or

strength changes affect weight to less than the first power In six of the seven categories ,

aeroelastic stiffness excepted .

If only DADTA ultimate design stress cutoff is higher In a new alloy than 7075-T76 ,

for example, the payoff in terms of weight savings is likely to be small , because

DAD TA Is a critical failure criterion in only a small percent of the structure . In the

case of the S-3A airplane , DADTA is critical for only 14 percent of the structure .
C-22 
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