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FOEWORD

This final report sumarizes the work performed by Drexel Univer-
sity in determining the feasibility of producing a high modulus corro-
sion resistant aluminum alloy. The contract, N62269-80-C-0295, is ad-
ministered un~der the direction of Dr. Gilbert London, of the Naval. Air
Development Center, Warminster, PA 18974.

This report was released by the author in March, 1982 and covers
the work accomplished during the period of August, 1980 through July,
1981.
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ABSTRACT

A program of basic research has been undertaken with the overall

goal of establishing quantitative processing-microstructure-mechanical

behavior relationships in fully-dense duplex Al-Zn-ft/Al-Mn alloys pro-

duced by powder metallurgy. Initial attention has been directed to

powder processing, consolidation, mechanical property and corrosion

response. Microstructures have been characterized in the powder, hot

compacted billets, forgings and extrusions. Mechanical properties of

primary interest were modulus, strength, impact and ductility. The

goal of this highly exploratory program was to develop a duplex, alu-

minum alloy in which an MnA1 6 aluminide dispersant phase provided for

modulus/strength contributions, while the Al-Zn-Mg matrix imparted

ductility and toughness. The initial experimental goals were a demon-

stration of high modulus (80-90 GPa, 11.5-13 msi), together with duc-

tility (5Z) and strength (500 MPa, 72 ksi). Modulus and strength

levels were met, and gains in ductility should be realized by finer

powder size and increased levels of deformation.LI

1
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1.0 INTRODUCTION

Powder processed, fully dense alloys are viable and often pre-

ferred alternates to conventional cast and wrought alloys. The develop-

ment of powder processed aluminum alloys has progressed on several fron-

tiers to include Ci) conventionally atomized powders producing alloys com-

parable to ingot metallurgy systems(1), (ii) the development of rapidly

solidified powders for aerospace structural applications 2), e.g. Al-Li,

Al-Cu-Li (3) and (iii) the development of aluminum alloy systems which re-

sult in a large volume fraction of an aluminide, e.g. FeNiAl9, a particu-

late phase, e.g. SiC, or precipitate phase with concurrent increases in

(4)modulus and potential improvements in elevated temperature performance

These advances have evolved from traditional ingot metallurgy systems and

have not taken full advantage of the scope in alloying and processing

flexibility of the powder metallurgy approach.

Traditionally, property improvement in high-performance alumi-

num P/M alloys has been achieved by developments in the processing tech-

nology of powder manufacture and consolidation. Alloys are usually pre-

pared by air/inert gas atomization in which powder size, shape, chemistry

and purity are more readily controlled than in chemical or electrolytic
14

methods of production. Primary consolidation techniques for these struc-

tural powder alloys include direct compaction, e.g. hot isostatic press-

ing (HIP); the working of a powder preform, e.g. powder forging, extru-

sion; or a combination of the above. Direct powder or billet extrusions

and preform forging are the currently preferred approaches for processing

2
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aluminum powder alloys.

Advantages in aluminum P/M processing include a high materials

utilization factor, fine scale microstructures, chemical homogeneity,

alloying flexibility coupled with the ability to fabricate composite/

duplex alloys. In the more highly alloyed compositions, it is frequently

impossible to process the material by conventional ingot metallurgy ap-

proaches involving casting and working operations, consequently, alloy

modifications can be produced which previously were not viable.

Recent advances in atomization have resulted in the development

of Rapid Solidification Technology (RST). RST is a generic term that re-

fers to fine, e.g. < 40Um, particulate production such that high cooling

rates are achieved, typically > 104*K/s. Such cooling rates result in

reduced microsegregation, elimination of low incipient melt temperatures

and ultra-fine microstructures. These advantages are balanced by the In-

creased processing difficulties associated with fine powders, namely, low

apparent densities, higher oxygen levels, pyrophoricity, blending and

flow difficulties. The implications of RST processing are currently being

examined in several alloy development programs including aluminum alloys,

(5-7)superalloys and specialty steels

The goals of this program were to formulate a high modulus, high

strength, corrosion resistant duplex alloy system. The modulus improve-

ment was achieved by a manganese aluminide (MnAl 6 ) dispersant phase, while

the Al-Zn-Mg matrix (7075 or X7091) imparted the required strength, duc-

tility and toughness. The imediate experimental goals were a combination

of high. modulus, e.g. 80-90 GPa, 11.5-13 msi and matrix strength, e.g.

500 MPs, 72 ksi, coupled with adequate ductility and corrosion resistance.

3



NADC 80100-60

2.0 EXPERIMENTAL PROCEDURE

2.1 Material Preparation

2.1.1 Powder Consolidation

The aluminum powders (Table I) prepared by Gould, Cleveland,

Ohio, were densified by three thermal-mechanical powder consolidation

techniques: vacuum hot pressing followed by forging, vacuum hot press-

ing followed by extrusion and direct powder extrusion. The extrusion

operations were performed by Nuclear Metals, Concord, Massachusetts.

All of the resulting material was heat treated to full strength (T-6)

or to an annealed (0) temper after extrusion or forging. The following

subsections describe these processing operations in more detail.

2.1.2 Vacuum Hot Pressing VHP)

The blended powder was placed in a graphite die and induction

heated under vacuum (.15 Torr) to 538*C (1000*F) over a two-hour period.

After a 1/2 hour hold at 5380C (10000F), a compressive stress of 11.7 MPa

(1.7 ksi) was applied to the billet and held for a 1/2 hour at constant

temperature. The pressed billet was allowed to furnace cool to room

temperature under vacuum. The dimensions of the vacuum hot pressed

billet were approximately 100 m (3.94 inches) high with a diameter of

120 am (4.72 inches).

2.1.3 Upset Hot Forging

Upset forging consisted of heating a sample of VHP material

in a conventional box furnace to 4800C (896"F) followed by compressive

4
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upsetting utilizing a 150-ton Dake hydraulic press to the predetermined

strains of 2:1 or 7:1. A special fixture to minimize heat loss and

transfer time was constructed around the samples of VHP material. It

consisted of sandwiching the VHP material between two pieces of 6.4 mm

(1/4 inch) thick plate steel approximately 102 x 102 mm (4 x 4 inches -

square). The fixture was encased completely with Sentry stainless

steel heat treating foil, wire wrapped for support and easy transport

from furnace to press. The transfer time from the furnace to the press

was always less than 10 seconds.

2.1.4 Extrusion

The extrusion parameters for the direct powder and VHP billet

material are shown in Table II. For direct powder extrusion, the blended

powder was placed in a 6061 aluminum alloy can, evacuated to less than

5 x 10- 4 Torr, and heated to 330*C (6250F). The temperature was in-

creased to 390*C (735*F) and held for 1.75 hours prior to extrusion

under approximately 1.7 MN (190 ton) driving force. For VHP billet ex-

trusions, the material was heated to 400C (752*F) and extruded under

an applied force of approximately 1.7 MN (190 ton). All extrusion sam- t

ples initially had a diameter of approximately 50 mm (2 inches) and

sustained a reduction in cross-sectional area of 20:1.

2.1.5 Heat Treatment

After the consolidation operations, the materials were heat

treated to either the full strength (T-6) or full anneal (0 temper)

condition.

2.1.5.1 7075 T-6

The duplex alloy samples containing the 7075 as a matrix

L

L 5
L..
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constituent were heat treated to full strength as follows:

i) Solution treatment at 465*C (870*F) for 45 minutes,

ii) rapidly quenching in water at 250C (780F),

iii) aging at 25°C (78*F) for 24 hours, and

iv) aging at 120C (250*F) for 24 hours.

2.1.5.2 X7091 T-6

For the duplex alloy samples containing the X7091 as a matrix

constituent, the heat treatment to full strength was as follows:

i) Solutionize at 488*C (910*F) for 45 minutes,

ii) rapidly quench in ice water,

iii) allow samples to age at 25*C (78*F) for 5 days,

iv) aging at 120C (250*F) for 24 hours, and

v) aging at 163*C (325*F) for 4 hours.

2.1.5.3 0 Temper

The samples that were to be fully annealed were:

i) Heated to 4130C (7750F) for 3 hours, and

ii) cooled in air.

2.1.5.4 Aluminide Coarsening and T-6 for 7075

To ascertain if the size of individual aluminides in the

r Al-17 w/o Mn powder had an effect on the mechanical properties of the

duplex alloy, an extended solutionizing treatment was used on one set

of samples to coarsen the intermetallics:

i) Solutionize at 465*C (870*F) for 6 hours,

ii) rapidly quench in water,

iii) age at room temperature for 24 hours, and

iv) age at 120C (250"F) for 24 hours.

6
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After the material was heat treated, the samples were prepared

for mechanical testing.

2.2 Mechanical Testing

The mechanical properties of the alloys produced (see Section

2.1) were evaluated by tensile, impact and high temperature flexural

modulus testing. The failed specimens were examined using optical and

electron microscopy. The following subsections describe in greater de-

tail the testing and observation procedures.

2.2.1 Tensile Testing

Two types of tensile specimen were used: Tensile bars from

the forgings were of 6.35 mm (0.25 inch) gage length, a 6.35 mm (0.25

inch) diameter, and a 127 mm C5 inches) radius of fillet; while extru-

sion tensile bars had a 25.4 mm (1 inch) gage length, a 6.3 - 7.6 mm

(0.25 - 0.3 inch) diameter, and a 4.8 mm (0.2 inch) radius of fillet.

The specimens were tested using an Instron tensile testing

machine at room temperature, using an Instron extensometer system cali-

brated to provide a 500:1 magnification on the strain axis. The speci-

mens were loaded at a crosshead speed of 0.5 mm (0.02 inch) per minute.

2.2.2 Impact Testing

Impact tests were performed using a standard Charpy machine

operating on its high scale (240 ft.lbs. full scale). Standard size

(ASTM 23) Charpy, V-notched test specimens were machined from the forg-

ings. Impact specimens-were not machined from the extrusions because

the diameter of the extrusions was insufficient for a standard size

specimen.

7
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2.2.3 High Temperature Modulus Determinations

A Dupont 1090 Differential Mechanical Analysis apparatus was

used to measure the elastic modulus between room temperature and 450"C.

The change of modulus with temperature was recorded for 7075 and three

7075 based alloys, containing 10, 20 and 40 V/o of Al-17 w/o Mn.

2.2.4 Metallography and Fractography

Optical metallography was performed on samples of each material

before and after tensile testing. Samples were mounted using a fine

glass-filled bakelite powder. The specimens were polished using standard

metallographic techniques and then etched with either of the following:

i) Keller's Reagent

1.0 ml HF (conc)

1.5 ml KCl (conc)

2.5 ml :N0 3 (cone)

95 ml 120

ii) Graff-Sargent's Reagent

0.5 al HF (conc)

15.5 ml HN03 (conc)

84 ml 120

3.0 g Cr03

2.3 Corrosion Evaluation

The experimental program for corrosion evaluation consisted

of examining the electrochemical behavior of a high strength Al-Zn-Mg

alloy, X7091, and a high modulus Al-Mn alloy. In addition, an experi-

mental duplex alloy of 7075 with a 20% addition of Al-17 w/o Mn was

studied. The corrosion environment for these examinations was a 3.5%

/8
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solution of NaCi in distilled, de-ionized water open to the laboratory

atmosphere at room temperature. The samples for evaluation of electro-

chemical behavior were cold mounted in a quick setting epoxy resin, and

the exposed surface of each test sample was polished using standard

metallographic techniques. This eliminated any differences due to sur-

face quality and permitted the metallographic examination of the samples

following corrosion evaluation, revealing the microstructure, the mode,

and mechanism associated with corrosion.

The techniques for evaluating the electrochemical behavior of

the samples were an open circuit potential versus time test, a controlled
'1

potential corrosion test, and a galvanic couple test. Each of these tech-

niques is discussed in the following subsections.

2.3.1 Open Circuit Potential Testing

The open circuit potential versus time test incorporates a

working electrode and a reference electrode. The working electrodes

were the test samples mounted on a conventional electrode holder through

a teflon gasket. The samples had one face 12.7 x 12.7 am (0.5 x 0.5

inch) exposed. A saturated calomel electrode (S.C.E.) was used as a

reference electrode. These electrodes were connected together via a

high resistance voltmeter known as an "electrometer". Such a meter was

used so that potentials can be measured between the electrodes with

virtually no current flow (open circuit). This electrode potential

data was recorded as a function of time. The test started upon iner-

sion of the working and reference electrodes in the 3.5Z NaCl solution.

These measured values are valuable when examining the micro-

structural characteristics that each alloy exhibited while corroding.

9
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Also, this data was used in determining the set potentials for the con-

trolled potential experiments.

2.3.2 Controlled Potential Testing

The controlled-potential corrosion technique employs a work-

ing electrode, a counter electrode and a reference electrode. The working

electrodes were the test samples similar to those used for the open cir-

cuit tests, mounted on a conventional electrode holder through a teflon

gasket. A saturated calomel electrode (S.C.E.) was used as the reference,

and a platinum electrode was used as the counter. The test sample was

maintained at a predetermined constant set potential with respect to the

S.C.E. reference. Constant set potentials and corresponding polarizing

currents were maintained potentiostatically using the platinum counter

electrode. The polarizing current was recorded as a function of time

upon immersion of the electrodes into the 3.5Z NaCl solution.

From this experiment it was possible to determine the sites of

preferential attack in the microstructure at each set potential. These

* potentials were chosen to be in the vicinity of the open circuit poten-

tials determined in the previous experiment (Section 2.3.1).

2.3.3 Galvanic Couple Testing

The galvanic couple test uses two working electrodes, each

having only one face exposed. The couple consisted of a sample of X7091

and a sample of A1-7.5 a/0 Mn with an exposed area ratio of 4:1. The

working electrodes were constructed by attaching the test samples to a

standard electrode holder through a teflon gasket. This test consisted

of measuring the current flowing between the two electrodes upon immer-

sion into the 3.5% NaC1 solution using a zero-resistance ammeter. The

10
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zero-resistance ammeter was constructed by potentiostatically maintain-

ing a zero potential between the samples and recording the current out-

put as a function of time.

2.3.4 Micrographic Corrosion Assessment

The test samples from all of the corrosion tests were examined

using optical microscopy to determine the regions of preferential attack.

Samples tested at various potentials were ultrasonically cleaned in dis-

tilled water, forced air dried and microscopically examined after the

open circuit potential test, the controlled-potential test, and the gal-

vanic couple test.
1:
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3.0 RESULTS

3.1 Structure of Powders

3.1.1 Morphology and Topography

Samples of the atomized metal powders were examined using a

scanning electron microscope with EDAX facility. This instrument is

well-suited to surface examinations as it combines an analytical capa-

bility with high resolution and good depth of field. Typical observe-

tions are shown in Figure l(a) to l(d). The general morphology of both

the 7075 and the Al-17 W/o Mn powders at lOOx magnification is shown in

Figure 1(a) and 1(c). It may be seen that although the powders are ir-

"regularly shaped, the particles are generally rounded. This is consis-

tent with air atomized aluminum powder.

Examination of the powder surfaces at higher magnification

(300x) reveals a considerable difference between the powders. This

difference may be seen by comparison of Figure l(b), which shows the

relatively smooth surface of the 7075 powder, with Figure l(d) which

shows the rough, virtually acicular, surface of the Al-17 w/o Mn pow-

der. The roughness of the Al-17 w/o Mn alloyed powder surface is

attributed to the MnA16 intermetallics protruding from the surface.
4

3.1.2 Microstructure

Samples of the powders were mounted, polished and etched in

preparation for metallography. The X7091 and 7075 powders were gener-

ally consistent, displaying a fine, cast, cellular structure; an ex-

12



NADC 80100-60

ample of 7075 is shown in Figure 2(b). The microstructure of the Al-17

w/o Mn powder consisted of an FCC Al matrix with a dispersed MnAI6 inter-

metallic phase. The size of the intermetallic was found to be extremely

sensitive to powder size, the MnA16 becoming finer as the powder particle

size decreased. An example of the MnA16 microconstituent size variation

is shown in Figure 2(a), which compares a coarse and a fine powder parti-

cle.

3.2 Structure of Compacts, Forgings and Extrusions

3.2.1 Vacuum Hot Pressed Compacts

Samples of the vacuum hot pressed preforms containing various

proportions of 7075 and the Al-17 W/o Mn powders were examined using

optical microscopy. The microstructures observed are shown in Figure 3

where it can be seen that powder particle boundaries are delineated by

oxide films and that the structures contain residual porosity. These

vacuum hot pressed compacts served as preforms for subsequent forging/

extrusion operations

3.2.2 Forgings

The effect of hot upset forging on three of the preform com-

positions (10, 20 and 40 V/o Al-17 W/o Mn) at two forging height reduc-

tions (2:1 and 7:1) was studied. The effect of the 2:1 reduction on the

microstructures is shown in Figure 4, while the result of the 7:1 reduc-

tion is presented in Figure 5.

Comparison of the microstructures reveals that the aspect

ratio chanse induced in the Al-17 w/o Mn powder particles is not solely

dependent on the reduction ratio; the fineness of the aluminide phase

appears to have a significant effect. The smaller Al-17 w/o Mn powder

13
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particles, which contain the finer aluminides, show considerably more

elongation on forging compared to the larger powder particles with the

coarser aluminides (see Section 3.1.2). This phenomenon is well demon-

strated by Figure 5(c), which shows that even after a 7:1 forging re-

duction, the larger Al-17 w/o Mn powder particles remained relatively

undeformed, while the immediately adjacent smaller particles show con-

siderable flow.

It should also be noted that the strain imparted in both the

forging treatments was sufficient to break up the continuous oxide films

and to produce fully dense microstructures.

3.2.3 Billet Preform Extrusions

An alternative to upset hot forging of vacuum hot pressed com-

pacts is extrusion. Compacted billets of four powder blends were hot

worked in this manner, giving an extrusion ratio of 20:1. Figure 6 shows

the microstructures obtained by this technique. It may be seen that con-

siderably more plastic deformation was introduced into the structure

vis-a-vis upset hot forging. This deformation produced a fully dense

structure and completely disrupted the powder particle oxide films. In

the blended powders (Figure 6(b) and 6(d)), a considerable degree of

elongation of the aluminide containing powder particles has occurred,

resulting in a clearly oriented structure. It should be noted, however,

that the elongation of the Al-17 w/o Mn powder is again (see Section

3.2.2) strongly dependent on the powder size, i.e. the fineness of the

aluminides within the powder particle (see Section 3.1.2).

3.2.4 Direct Powder Extrusions

This processing technique circumvents vacuum hot pressing.

14
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The unconsolidated powder blends were canned in a 6061 aluminum and

directly extruded at 3900C using a 20:1 reduction of area ratio. These

extrusion conditions were virtually identical to those for the billet

extrusions (Section 3.2.3) which permitted direct comparison of the

structures obtained from the two extrusion methods.

The microstructures of two of the direct extrusions are shown

in Figure 7. It may be seen that both of these blended powder direct

extrusions appear to be microstructurally similar to their billet ex-

truded counterparts (Figure 6). The direct extrusions exhibit good

consolidation characteristics, but again a variation in strain between
4

various Al-17 w/o Mn powder particles is visible.

3.3 Mechanical Properties

Mechanical properties were evaluated for a variety of powder

blends and processing techniques. The mechanical property data is pre-

sented in Tables III and IV and graphically summarized in FiV,-- A.

Table III and Figure 8 show the dependence Z (,nsile and im-

pact behavior on the volume fraction of Al-17 w/o Mn addition to 7075

in the T-6 condition. This data also shows the effect of processing

technique and aluminide size on mechanical response.

Table IV presents tensile test data for four powder blends:

7075, X7091, 7075 + 20 vro (Al-17 w/o Mn), X7091 + 20 V/o (Al-17 W/o

Mn). "his data set shows the difference in mechanical properties be-

tween the T-6 and 0 temper conditions. The following subsections more

fully describe the data obtained from the various tests.

3.3.1 Tensile Testing

The Al-17 w/o Mn powder additions are principally intended

15
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to increase the modulus of the resultant duplex alloys. Referring to

Tables III and IV and Figures 8 to 12, it may be seen that this objec-

tive has been achieved, all of the duplex Al-Zn-Mg/Al-Mn alloys showing

improved modulus compared to their Al-Zn-Mg counterparts. Table III

indicates that for 7075 in the T-6 condition the modulus improvement

increases as the volume fraction of Al-17 W/o Mn increases. The data

also reveals that the modulus improvement is largely independent of the

temper condition of the 7075 or X7091. This improvement in modulus,

however, has been attained at the expense of some of the other proper-

ties, e.g. ductility and toughness.

Table III and Figure 8 show that for 7075 in the T-6 condition

the presence of the aluminides reduces the ductility, yield and ultimate

strength, these properties decreasing with. increasing aluminide content.

For example, it may be seen that the ultimate tensile strength initially

drops rapidly with increasing Al-17 w/o Mn volume fraction, but tends to

level off after approximately 20 V/o for the forged and directly extruded

materials. The ductility, as represented by the reduction of area, be-

comes negligible after 10 v/o addition in both the coarsened and uncoars-

ened material.

Table IV presents the data for the 0 temper and T-6 condition.

The data indicates that the 0 temper yield strength is slightly improved

* by the presence of the aluminides, however, the ultimate tensile strength

and ductility are again reduced. It should be noted that in the 0 temper

condition, the 20 V/o alloys show significant ductility, 5.3% and 6.6%

elongation for 7075 and 7091 respectively.

16
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3.3.2 Impact Testing

Referring to Figure 8, it is possible to see that the impact

resistance of the duplex alloys decreases as the proportion of the Al-17

W/o Mn powder in the blend increases and that this effect becomes more

pronounced with the coarser aluminides. It should be noted, however,

that the alloys still retain measurable impact resistance even with high

volume fractions of aluminides.

3.3.3 High Temperature Modulus Testing

The Young's Moduli for 7075 and three 7075 based duplex alloys

containing various volume fractions of Al-17 w/o Mn were determined at

temperatures ranging from 30* to 460*C. The results from these experi-

ments are graphically summarized in Figure 13 where the Young's Moduli,

normalized relative to that of 7075, are plotted versus temperature. It

may be seen that at temperatures below 380*C the relative values of the

alloy moduli agree with those measured by the conventional tensile tests

(Section 3.3.1), i.e. the modulus at any temperature increases with in-

creasing aluminide content. Also, in this temperature range, the moduli

of all of the alloys decrease steadily with increasing temperature.

At temperatures in excess of 380*C the relative positions of

the plots began to change, the modulus values of the duplex alloys being

observed to decrease more rapidly than for 7075. This effect is of such

a magnitude that above 420*C the modulus of the 10 v/o duplex alloy falls

below that of 7075.

3 .3.4 Fractography

Scanning electron microscopy and optical metallography were

used to examine the failure mode of the impact and tensile specimens.

17
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Typical electron micrographs of an impact specimen fracture surface are

presented in Figure 14. These show the operation of a mixed fractureV mechanism: a brittle, transgranular mode through the Al-17 W/o Mn areas

and a ductile transgranular failure mode operating in the 7075 matrix.

Optical micrographs on longitudinal sections were taken near

the fracture in tensile specimens. These revealed that the fracture

- originated by cracking of the Al-17 w/o Mn phase. The number and size

of the cracks was found to be a function of the degree of consolidation

induced elongation of the Al-17 W/o Mn phase. It was observed that

* elongated aluminide areas showed a number of small cracks, suggesting

- .the operation of a good load transference mechanism between the phases.

Conversely, the unelongated areas, i.e. originally large Al-17 w/o Mn

powder particles, usually showed a gross, solitary fracture. This phe-

nomenon was particularly prevalent in the 0 temper condition. An ex-

ample of this is shown in Figure 15.

3.4 Corrosion Evaluation

3.4.1 Open Circuit Potential Testina

The results of short term open circuit potential testing of

X7091 and Al-7.5 a/o Mn alloy are summarized in Table V, while the open

circuit potential versus time tests for 2:1 forged, solutionized and

aged 7075 with various volume fractions of Al-17 W/o Mn are graphically

summarized in Figure 16.

In the short term tests, X7091 represented the matrix compo-

nent of the X7091 based duplex alloys, while the Al-7.5 a/0 Mn was

equivalent to the aluminide containing powders. The results show that

the X7091 has an average open circuit potential of approximately -840 mV

18
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with respect to a saturated calomel electrode (S.C.E.) and that the

Al-7.5 a/ 0 Mn has a value of -960 mV S.C.E. These open circuit poten-

tial values indicate that the alumInide areas in the duplex alloys are

anodic to the X7091 matrix.

In the Open Circuit Potential versus time tests, the plots

presented in Figure 16 show that the average potential of the duplex

alloys becomes more negative, or anodic, with increasing aluminide vol-

ume fraction. This is consistent with the short term Open Circuit Po-

tential tests which showed the Al-7.5 a/0 Mn to be anodic to the X7091.

The long term data also shows that there is considerable variation of

the potential with time, particularly in the duplex alloys.

Microscopic examination of the specimens used for Open Circuit

Potential versus time tests revealed that, in all cases, the most severe

attack took place at the 7075/Al-17 w/o Mn interfaces. This preferential

attack was observed in the form of pitting; a typical example of this is

shown in Figure 17.

3.4.2 Controlled Potential Testine

Using the potentials obtained during the Open Circuit Potential

Tests (see Section 3.4.1) for reference, several potentials were selected

for controlled potential testing of the X7091 and Al-7.5 a/0 Mn alloy.

The results of the controlled potential testing are graphically summarized

in Figure 18 when it may be seen that for both alloys, raising the poten-

tial increased the corrosion rate as expressed by the current density.

The data would also indicate that for any potential below -500 mV S.C.E.,

the manganese aluminide sample displayed a higher current density.
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The samples used in this portion of the investigation were

polished prior to testing, thus permitting subsequent metallographic

examination. Typical micrographic observations are shown in Figure 19,

which demonstrates that the nature and extent of attack during testing

were strong functions of the applied potential and the alloy composition.

This dependency is illustrated by comparing the surfaces of the two alloys

at each testing potential.

At -900 mV S.C.E., the X7091 exhibits slight grain boundary

delineation in combination with general surface attack (Figure 19(a)).

Conversely, at the same potential, the Al-7.5 a/o Mn alloy shows isolated,

but quite deep, pitting (Figure 19(b)).

Changing the potential to -700 mV S.C.E. slightly alters the

attack on X7091. This may be seen in Figure 19(c) where there is still

some grain boundary attack but far less generalized corrosion. In com-

parison, the Al-7.5 a/o Mn alloy begins to show significant attack at the

aluminide/aluminum interfaces, resulting in the leaching out of some par-

ticles (Figure 19(d)). This trend towards pitting attack on the manga-

nese aluminide alloy and more uniform attack on the X7091 was observed to

continue on increasing the potential to -610 mV S.C.E.

At -500 mV S.C.E., the degree and nature of attack on the two

alloys became drastically different, although it should be noted that the

actual corrosion rates (current densities) are identical. This disparity

may be seen by comparing Figure 19(e) with 19(f), the X7091 displaying

virtually uniform attack. with only minor pitting, while the Al-7.5 a/0

Mn alloy exhibits deep pitting at sites where aluminide particles have

been leached out.

20
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3.4.3 Galvanic Couple Testing

In these testa, the polarizing current as a function of time

was measured for a corrosion couple consisting of X7091 imersed in a .1

3.5Z NaCl solution opposite a sample of A1-7.5 a/o Nn. The results ob- J

taned are graphically summarized in Figure 20. where it can be seen

that the current was generally in the range of 0.25 UA and rarely ex-

ceeded 1 UA. .

The samples were examined microscopically after testing. It 1

was found that the surface appearance was very similar to that of the

Controlled Potential specimens tested at -900 mV S.C.E. This may be

seen in Figure 21 where the X7091 exhibits general corrosion with slight

grain boundary delineation, while the Al-7.5 a/o Mn alloy displays ir-

regular, heavy pitting.

21
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4.0 DISCUSSION OF RESULTS

4.1 Mechanical Property/Processing Evaluation

The objective of this research program was to develop a high

modulus aluminum coupled with strength, good ductility and corrosion re-

sistance, produced and processed by conventional powder metallurgy tech-

niques.

To date, the work has concentrated on alloy design and process-

ing experiments to assess the feasibility of producing a duplex alloy

containing Al-Mn additions in an Al-Zn-Mg 7075 type matrix. It has been

shown that these trial alloys could be atomized, consolidated, forged

and extruded by normal industrial processes. The ductility in the T-6

tempers of these initial alloys is, however, limited, and areas for duc-

tility improvements shall be discussed.

In the following subsections, the effect of production tech-

niques on structure-property relationships is described and the observed

trends discussed. The trends are shown to be in agreement with existing

theories for modeling mechancal behavior, hence providing an understand-

ing of the mechanisms governing the mechanical response of the alloys.

These considerations permit guidelines to be established for alloy struc-

ture and composition optimization.

4.1.1 Powder Characteristics

All of the powders used in these initial experiments were air

atomized producing fully dense powders of irregular shape without any
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reaction problems being encountered. The ability to use this production

technique is an advantage, since air is the least expensive atomization

medium via-a-via helium and produces an Al-Zn-Mg powder which may be

conventionally processed.

Microstructurally, the resulting 7075 and X7091 powder parti-

cles were found to be homogeneous and uniform. Conversely, the size of

the MnAl6 intermetallics in the Al-17 W/o Mn powder was found to be de-

pendent on the powder particle size, the aluminide size increasing with

increasing powder size, hence decreasing cooling rate. This aluminide

size variation may be attributed to the influence of powder particle size

on cooling rate, therefore the MnAl6 nucleation kinetics.

The Al-17 W/o Mn powder has a high modulus by virtue of the

66 v/o of the very hard MnAl 6 present in the powder. The objective of

blending this powder w.th 7075 or X7091 powder was to improve the modulus

of the final duplex alloy. In order to assess an optimum proportion of

Al-17 w/o Mn, a range of powder blends was prepared and subsequently

evaluated.

4.1.2 Powder Consolidation

The results show that three consolidation techniques can be

utilized to produce an alloy with a wide range of final microstructure

and properties. Some form of hot working is invariably required to dis-

rupt the oxide films and produce full density aluminum powder products.

Three deformation schedules were studied: a 2:1 forging reduction, a

7:1 forging reduction ard a 20:1 extrusion of powders and consolidated

billets. The object of these varying amounts of strain was to determine

the effect of hot working on the oxide films and the morphology and
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distribution of the Al-17 W/o Mn component. The results show (Section

3.2) that even relatively small strains cause full densification and

that the duplex alloy is workable, with little evidence of cracking or

void formation associated with the Al-17 W/o Mn. The results also show

that the aspect ratio of the Al-17 w/o component was a function of the

strain. The MnAl 6 phase and the surrounding Al-Mn was easily drawn out

in the direction of working. This aspect ratio change was also noted to

be strongly dependent on the MnAl6 precipitate size, showing less elonga-

tion with increasing intermetallic size.

4.2 Mechanical Property Effects

One of the novel aspects of this program is the flexibility of

the powder approach used which permits independent and relatively easy

control of the duplex alloy microstructural characteristics. The follow-

ing discussion will correlate the effect of each microstructural parame-

ter with the observed mechanical response. These adduced effects will

then be compared to those predicted from theoretical considerations

(Section 4.3).

4.2.1 Mechanical Characteristics of the Al-Mn Component

The first factor to be considered is the intrinsic properties

and nature of the Al-17 W/o Mn powder component of the duplex alloys.

The rationale for this powder is that additions of manganese to aluminum

increase the modulus dramatically, the effect b3ing second only to that

of lithium. In dilute alloys, the extent of this improvement is propor-

tional to the amount of manganese in solid solution. The modulus im-

6 provement continues even when the MnA16 intermetallic forms with the

elastic properties of the aluminides exerting their influence on the
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resulting alloy. The effective transference of elastic properties from

the HnAl 6 to the alpha-aluminum matrix depends on the size and shape of

the aluminides and their interface coherency with the Al-Mn matrix. The

Al-Mn alloy as a whole in turn transfers its elastic contribution to the

matrix of the duplex alloy, this process again depending on the size,

shape and interface of the Al-Mn alloy component.

The experimental fabrication method influenced both the size

and shape of the individual aluminides and the Al-Mn alloy component

areas. An appraisal of the system diffusion kinetics suggests that

* while the processing variables affect the morphology and distribution

of the components, the nature of their interfaces remained constant.

The results indicate that for both the aluminides and the Al-Mn compo-

nent areas, a fine, oriented, high aspect ratio structure gives the

optimum properties. The evidence for this conclusion was illustrated

by the experiments described in Sections 4.2.1.1 and 4.2.1.2.

4.2.1.1 Effect of Aluminide Size on Al-Mn Component

The first experiment compared data from coarsened and uncoars-

ened duplex alloys in the T-6 condition, containing similar volume frac-

V tions of the Al-17 w/o Mn component, given similar strains during con-

solidation. In this comparison, the Al-Mn component areas were of simi-

lar aspect ratio, but in one case, the MnAl6 aluminides had been de-

liberately coarsened. The results show the coarsened alloys to have

distinctly inferior properties. It should be noted that the effect of

aluminide size on crack propagation in the Al-Mn component was not

considered a major influence in this case.

25
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4.2.1.2 Effe.ct of Processing on Al-Mn Component

The second set of data to be compared is for alloys containing

MnA16 aluminides of similar sizes but which had experienced different

strains during consolidation. This introduced varying degrees of strain

induced aspect ratio change in the Al-17 W/o Mn components. The results

show that the extrusions had better properties than the 7:1 forgings,

which in turn had better properties than the 2:1 forgings. The improved

properties are a direct result of the higher aspect ratio duplex phase

coupled with an improved interparticle bonding and oxide film disruption.

It should be noted that the modulus was unaffected by the morphology and

distribution of the duplex alloy components, as it is predominantly de-

pendent on the quantity of the alloying additions.

4.2.1.3 Effect of Processing and Aluminide Size on Al-Mn Component

Thus it may be concluded that for optimum properties, the '

AI-Mn component should be fine and elongated, which implies that a small

powder size and high extrusion ratios are beneficial. The increasing

cooling rate with decreasing particle size during atomization would

cause a reduction in the size of MnAl6, which in turn not only has

better properties per se, but also leads to higher aspect ratios in the

Al-17 w/o Mn powder particles during consolidation. It may therefore 2
be seen that there is a strong motivation to atomize very fine Al-Mn

- powder. The size effect may further be enhanced by the use of helium

atomization which gives a more rapid cooling rate than air.

4.2.2 Effect on Mechanical Propertie 3f Powder Blend Ratio

Comparison of the results within any data group that has

Al-17 W/o Mn additions of similar characteristics permits the effect of
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the volume fraction of the addition to be deduced. The object in vary-

ing the quantity of the Al-17 w/o Mn addition was to ascertain what level

would provide a worthwhile improvement in modulus without excessively

compromising the ductility and toughness of the resulting duplex alloy.

It was found that the modulus of the duplex alloy, as expected, increased

with increasing additions of the Al-Mn component. This indicates good

stress transference is occurring between the components of the duplex

alloy.

In the Al-17 w/o component, the stress concentration imposed

on the alpha-aluminum by the rigid MnAl 6 aluminides will result in ex-

tremely limited ductility at room temperature. Thus, it would be anti-

cipated that if good stress transference is occurring between the com-

ponents in the duplex alloy, then the strain incompatibility between the

components will lead to localized stressing of the Al-Mn component areas,

hence cracking at high stresses. Further increases in stress cause these

cracks to propagate through the matrix resulting in a rapid, low ductili-

ty failure. This mechanism accounts for the decrease in strength and

ductility observed with increasing volume fractions of the Al-17 w/o Mn.

The results indicate that the optimum balance between increased

modulus and acceptable strength and ductility lies around 20 v/o. The

ductility and strength of these 20 v/o alloys can be improved by modify-

ing the structure of the Al-17 w/o Mn to increase its capacity for plastic

strain at room temperature. One approach to achieving this improvement in

ductility would be to decrease the aluminide size by methods similar to

those outlined in Section 4.2.1.3. Alternatively, the embrittling effect

of each aluminide may be decreased by increasing the deformable volume
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surrounding it. At the cost of a certain amount of flexibility in pro-

ductLon, this could be achieved by pre-alloying the 7075 or X7091 powder

with Mn prior to atomization. The constitutional chemistry of such an

alloy would require careful consideration so as not to significantly im-

pair the eta-phase precipitation response.

4.2.3 Mechanical Characteristics of the Duplex Alloy Matrix

The final parameter to be varied in the experimental work was

the matrix of the duplex alloys, four matrix variations being studied:

7075 (T-6), X7091 (T-6), 7075 C0 temper) and X7091 (0 temper). A com-

parison of these four matrix permutations for a series of 20 v/o duplex

alloy extrusions may be found in Table IV. In general, it may be seen

that there was little difference in mechanical response between the two

matrix alloys in the same temper condition. Conversely, a significant

difference in properties was observed between the two temper conditions.

In the T-6 (full strength) condition, both of the duplex alloys

exhibited their maximum yield and ultimate strengths, which were lower

than for the matrix phases alone. The duplex alloys also did not have

the considerable ductility of their respective matrix phases in the T-6

condition. The low ductility observed is attributed to crack formation

occurring in the Al-Mn areas by a stress transference mechanism, the

cracks tr an growing rapidly through the matrix resulting in a low duc-

tility failure.

In the 0 temper condition, the yield strength of the duplex

alloys was slightly higher than that of the matrix alloys; however, the

* ultimate strength and ductility were again significantly lower. It

should be noted that this temper condition shows that the duplex alloys
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have an appreciable amount of inherent ductility. In this case, flow

of the matrix phase occurs around the relatively undeformable Al-Mn

areas until a stress is reached at which cracks develop in the brittle

Al-Mn. These cracks would not be expected to propagate so rapidly as

in the T-6 condition, since the softer matrix may provide some "crack

blunting". The 0 temper condition revealed one of the few differences

between the two matrix alloys: the 7075 (T-6) duplex alloys showing a

more uniform crack distribution in the A'-17 w/o Mn areas than X7091

based alloys. This phenomenon is thought to be a feature of the stress

transference occurring within the alloys but has yet to be fully ex-

plained.

The modulus of the duplex alloys was found to be relatively

insensitive to the matrix alloy and its temper condition. This would

be expected, as modulus is principally related to the quantity of the

solute elements. The improvement in modulus observed in the duplex

alloys is therefore dependent on stress transference to the aluminides

by the matrix resulting in the cracking of the Al-17 w/o Mn phase ob-

served at room temperature.

4.3 Modeling of Mechanical Response

The flow stress and strain characteristics of the experimen-

tal duplex alloy during thermal-mechanical processing and tensile test-

ing correspond well with the existing theories for predicting the yield

strength of two-phase alloys with coarse microstructure. The dependency

of the yield stress of a two-phase alloy on the size and distribution of

the second phase and its connectivity in the microstructure has been

qualitatively modeled by Gurland. 9' 10) The model, essentially an
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empirical rule of mixtures, takes into account the load transfer between

alloy constituents and their respective yield strengths and assesses the

effects in terms of microstructure geometry. The mathematic representa-

tion of Gurland's approach for analyzing the yield stress of a two-phase

alloy is as follows:

CF = aae(l - Cf) + aaC C fa ()

where a is the apparent yield strength of the two-phase alloy, a is

y me

the effective strength of the continuous a phase, aC is the strength of

the contiguous 0 phase, CB is a factor relating the degree of contiguity

of the $ phase, and f is the volume fraction of the 0 phase present in

the alloy. The factor, CV, can equal any number from zero for a com-

pletely isolated, unconnected B phase to unity for a completely connected

B phase. The term (1 - CBf represents the volume fraction of a and non-

contiguous B phase; C f 8 represents the volume fraction of the contiguous

SB phase.

4.3.1 Thermal-Mechanical Processing Response

The size dependent flow characteristics of the Al-Mn powder

particles during thermal-mechanical processing of the duplex alloys may

be explained by Gurland's model. The differences in the flow character-

istics may be attributed to the average size and contiguity of the man-

ganese aluminides in the individual Al-17 W/o Mn particles. Gurland's

model implies that in the Al-17 W/o Mn addition, where the continuous

phase is a-aluminum and the dispersed hard phase is MnAl6, the flow

stress of the particles is dependent on the amount of contiguity of the

MnAI6 phase. In the small Al-Mn powder particles where the manganese
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aluminides are small and unconnected, C8 is equal to zero; the flow

stress, as given by equation 1, is equal to the effective strength of

the continuous a-alumfnum phase. In the larger particles where the

manganese aluminides are larger and connected, C approaches one, and

thus the flow stress becomes a function of both the effective strength

of the a-aluminum and the strength of the MnAl Hence elongation of

the Al-Mn component during processing is a function of the aluminide

contiguity, which is observed to increase with increasing aluminide

size.

4.3.2 Tensile Response

The mechanical response model developed by Gurland may be

used to analyze the tensile response of two-phase alloys with coarse

microstructure. The experimental results for the duplex alloys show

that the tensile strength increases with increased thermal-mechanical

processing, which is in accordance with Gurland's model. For example

in the forged material where the Al-17 w/o Mn addition had not deformed

appreciably, Gurland's model predicts a tensile strength close to that

of the effective tensile strength of the 7075, since the Al-17 W/o Mn

addition is discontinuous. Conversely, the extruded materials where

the Al-17 W/o Mn addition had deformed appreciably should have a tensile

strength that is a function of the strength of the matrix and the addi-

tion, since the Al-17 W/o Mn addition is now more contiguous in the

direction of loading. The higher contiguity of the Al-17 W/o Mn addi-

tion in the direction of loading results in better load transfer between

the matrix and Al-Mn addition.
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K 4.4 Corrosion Response

4.4.1 Open Circuit Potential versus Time

The results from the open circuit potential test for X7091

and AI-7.5 a/0 Mn showed that the Al-Mn is anodic with respect to the

X7091.

The results of the open circuit potential versus time test on

the 7075 and 7075 with 10, 20, and 40% Al-17 W/o Mn addition -ere pre-

sented in Figure 16. The curves show that the average potential of the

duplex alloy becomes more negative or anodic with increasing addition

of Al-17 W/o Mn. The randomness of the curves for the duplex alloys

may be attributed to the inhomogeneity inherent in these alloys. Figure

17 shows typical microstructures of a 7075/Al-17 W/o Mn duplex alloy

in the as-received condition and after the electrode potential versus

tim- test. The photomicrographs show that the 7075 has been cathodi-

cally polarized by the Al-Mn alloy segments, resulting in the 7075/

Al-17 W/o Mn interface pitting while the interior of the Al-Mn addition

is almost pit-free.

4.4.2 Controlled Potential Response

The open circuit potential test showed a variation with time;

as a consequence, the attack of any particular phase or microstructural

feature cannot be directly related with any one potential. However,

every individual phase of an alloy has its own characteristic polariza-

tion behavior, and a potential exists at which one particular phase '1

corrodes preferentially. With the controlled potential approach, the

characteristic corrosion behavior of any alloy can be determined, thereby

identifying the microconstituent that corrodes preferentially.
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The controlled potentials used for evaluation ranged from

-900 mV to -500 MV. These potentials were chosen for their proximity

to the average open circuit potentials determined for X7091 and A1-7.5

a/o Mn. At a controlled potential of -900 mV S.C.E., the X7091 is

cathodically polarized. The reaction at the surface of the cathode is

the formation of hydrogen gas which strips the thin protective aluminum

oxide film from the surface of the X7091 and accounts for the uniform

attack of the specimen surface in Figure 19(a). Also, signs of prefer-

ential attack are evident in the grain boundaries of X7091 at the pre-

cipitates within the grains and in the groups of precipitates associated

with the grain boundaries.

At a controlled potential of -900 mV S.C.E., the Al-7.5 a/0

Mn is anodically polarized. The reaction at the surface of the anode

is the dissolution of the metal. The thin protective aluminum oxide

film on the surface of the Al-7.5 a/o Mn sample has not been totally

breached as it was on the X7091 sample. In these areas, the manganese

aluminide-a aluminum interface or possibly the manganese aluminide it-

self may be preferentially attacked (Figure 19(b)).

At -700 mV S.C.E., the Al-7.5 a/o Mn alloy exhibits reduction

of select areas of the thin aluminum oxide film and preferential attack

associated with the manganese aluminide particles. This attack may be

at the interface of the manganese aluminide-a aluminum matrix (Figure

19(d)), and/or the manganese aluminide particles themselves may also

be attacked. The dark areas would then signify sites of preferential

dissolution of these particles.

On further raising the controlled potential to -610 mV S.C.E.,
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7091 was anodically polarized. The surface of the 7091 sample did not

exhibit uniform attack as had been the case when it was cathodically

polarized, the protective oxide film being reduced in select areas. In

these areas, preferential attack seems to occur at the precipitates and

at the grain boundaries. This is evident in Figure 19(c) as an even

distribution of small dark areas and the outlining of some grains. These

larger dark areas might be attributed to aggregates of precipitates in

the grain boundaries.

At the final controlled potential of -500 mV S.C.E., both the

X7091 and Al-7.5 a/o Mn have similar corrosion rates: Both have a cur-

rent density of approximately 20 iA/cm2 (Figure 18). Also, both have

similar microstructural characteristics while corroding, exhibiting

preferential attack at the sites of the precipitates or particles. The

Al-7.5 a/0 Mn alloy apparently pieferentially corrodes at the manganese

aluminide-a aluminum interface. This is signified in Figure 19(f) by

the presence of small islands in the size range of the manganese alumi-

aide particles, surrounded by preferential attack of the matrix. The

X7091 seems to be preferentially attacked at the precipitates as shown

in Figure 19(e).

4.4.3 Galvanic Couple Response

This test was used to examine the effect of coupling the two

candidate phases of the proposed duplex alloy, the polarizing current of

the samples being measured as a function of time. The micrographs in

Figure 21 show that the microstructural characteristics of the corroded

X7091 are similar to those of X7091 cathodically polarized at -900 mVw
S.C.E. The corroded Al-Mn alloy (Figure 21) is similar to Al-7.5 a/0 Mn
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anodically polarized at the same -900 mV poteatial. The polarizing

current versus time results (Figure 20) showed that over a 20-hour

period, the current was generally around 0.25 3A. The current density

at the Al-7.5 a/o Mn electrode is similar to that exhibited while po-

larizing at -900 mV S.C.E. The low current flow on short-circuiting

the X7091/AI-7.5 a/0 Mn couple signifies that the X7091 does not, to

any great degree, increase the corrosion rate of the Al-7.5 a/o Mn

and vice versa.
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5.0 CONCLUSIONS AND FUTURE EFFORTS

This initial phase of the program has not only shown that the

production of a high modulus, duplex aluminum alloy is feasible, it has

also evaluated the principal factors influencing the mechanical response.

The major conclusions derived from the production feasibility

study are:

The high modulus Al-17 W/o Mn alloy powder addition

is readily produced using normal air atomization.

The MnAl 6 aluminide size in this powder is a function

of the powder particle size.

• The high modulus powder may be blended in various

proportions with 7075 or X7091 and compacted, forged

or extruded using conventional powder metallurgy

techniques. The resulting duplex alloys have a fully

dense microstructure with no evidence of Al-Mn asso-

ciated cracking or void formation.

* The elongation of the Al-Mn powder particles during

processing is not only a function of the reduction

ratio during processing, but also the aluminide sizeI
within the Al-17 W/o Mn powder.

The novel method used for the manufacture of the duplex alloys

. can produce a wide range of microstructural characteristics. The effect

of these microstructural features on the mechanical response of the
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alloys is summarized in Table VI and itemized below.

Decreasing the powder size, or increasing the

cooling rate, decreases the aluminide size in

the Al-17 W/o Mn powder. This endows inherently

better mechanical properties to the powder and

enhances its elongation.

•Increasing the volume fraction of the high modulus

powder increases the modulus of the resulting duplex

alloy. This improvement, however, is at the expense

of ductility and ultimate strength. In these initial

alloys, the optimum addition level was found to be

20 V/o.

Increasing the reduction ratio during direct powder

consolidation improves the interparticle bonding and

increases the elongation of the A1-17 w/o Mn powder

particles, hence improving the modulus, strength

and ductility of the duplex alloy.

Thus, these experiments have established firm guidelines for

property optimization of the duplex alloys being produced and may be

summarized as follows:

i) A fine Al-17 W/o Mn ptder is preferred.

ii) A high reduction ratio during consolidation is

desirable.

i) With the initial alloys, a balance between

optimum modulus, ductility and strength was

attained at 20 V/o addition of Al-Mn. The
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use of a finer Al-17 w/o Mn powder may

achieve acceptable ductility at higher

volume fractions.

The corrosion properties of the individual components of the

duplex alloy have been investigated. The initial results indicate:

. A 20 V/o addition of Al-Mn tends to cathodically

polarize X7091 or 7075 as shown in the controlled

potential corrosion and galvanic couple tests.

. In comparison to 7075, the X7091 does not appear

to increase the rate of dissolution of the Al-Mn.
* -4
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TABLE II

EXTRUSION PARAMETERS

Preheat Temperature: 390 - 400*C (734 - 752*F)

Extrusion Temperature: 400 0C (750-F)

3 2 2
Initial Area: 2.0 x 10 2 (3.14 in2)

Alloy Form Extrusion Speed Upset Load* Running Load* Reduction

7075 Preform 25 ipm 156 tons 150 tons 20/1

X7091 Preform 25 ipm 235 175 20/1

7075+20'/o Preform 25 ipm 275 200 20/1

Al-17W/oMn

X7091+2oV/o Preform 25 ipm 250 185 20/1

Al-17W/oMn

7075+20V/o Direct 25 ipm 200 180 20/1

A1-17W/oMn Powder

X7091+20v/o Direct 25 ipm 235 192 20/1

Al-17W/oMn Powder

*Conversion: tons to kg, multiply by 9.0718 x 10
2
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a)

b)

Figure 2. As-atomized

a) Al-li V~o Mn powder

b) Al-Zn-Mg (7075) powder (Keller's reagent)
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a) b

~ t~ ~t %J

A0P I .P

a) b)

C)

Figure 3. Vacuum hot pressed 538*C (1OQO*F)

a) 7075
b) 7075 + 10 Vfo CAl.17 W/o Mn)
c) 7075 + 20 v/o (A1-17 W/o Mn) --
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I 
'.X

d) e)

Figure 3. Vacuum hot pressed 538*C C1000*F)

d3 7075 + 40 'V/o (A1-17 w/o Mn)
a.) 100% Al1..I7 w/o Nn (Ke*ller's reagenlt)
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'I 4'

4a) b)

ha lop

C)

Figure 4. Vacuum hot pressed 538*C (1000*F) and upset forged to
a reduction in height of 2:1

* a) 7075 + 10 v/o WA-17 w/o Mfr)
b) 7075 + 20 V, 0 (A1-17 w/o Mn)
c) 7075 + 40 V, 0 (A-17 W/o Mn) (Keller a reagent)

I4



NADC 80100-60

100m M i0OPur

a) b)

a) 7075~ + 0voW1 / n
b)77 +2 / C11 /oN)(Kle' raet

a) 7075 + 10 v/o (A1-17 w/o Mn) (elrsraet
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* a)

S b)

Figure 7. Direct powder extrusion 3900C (735*F) to a reduction in
cross-sectional area of 20:1

* a) 7075 + 20 v/ 0 (Al1-37 W/o Mn)
b) X7091 + 20 V/o (Al-17 V/o Mn) (Graf f-Sargent reagent)

52



NADC 80100-60

8

6 -4

4%

- LZ - - - - - - - ,

0. 0
40
20 .

< 27

0

700 1000 COARSENED

I •0 NOT COARSENED
--- a DIRECT P/M EXT

600 , 2  J

500
70

60
400I I

0 5 1O 15 20 25 30 35 40 45
VOLUME, % (AI- 17%Mn Phase)

Figure 8. Impact strength, reduction in cross-sectional area, and

ultimate tensile strength versus the volume percent of
AI-17 W/o Ma.
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| -!T

a)

II

b)

Figure 14. Impact fracture surface of hot upset forged 480*C (8960 F)
to a reduction in height of 7:1.

a) 7075 + 40 V/ o (A1-17 W/o Mn)
b) Same as (a), but at a higher magnification.
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9? 1

a)

400pM

b)

e - , A

#. -.

! , j' 400 pm

" b)

Figure 15. Evidence of plastic-strain incompatibility between
the matrix and the Al-17 w/o MN addition.

a) 0 temper 7075
b) 0 temper 7091
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I Figure 19. Microetructural results of the X7091 and the A1-7.5 e/o
i" allay Mn froti the three electrode, potentiostatic,
" il controlled-potential corrosion test.
i Potential:

!a) E - -900 mY, X7091 c) E = -610 mV, X7091
Kb) E - -900 mV, AI-7.5 a/o Mn d) E - -700 mV, A1-7.5 a,0 Mn
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Figsure 19. Mi'crostructural results of the X7091 and the Al-7.5 al0
alloy Mn from the three electrode, potentiostatic,

a controlled-potential corrosion test.
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Figure 21. Microstructural corrosion couple results.
The surface area ratio was 4:1.

a) X7091
b) AI-7.5 a/o Mn (unetched condition)
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