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ABSTRACT

The room temperature mechanical properties of three S,
superplastic high-flagnesium, Aluminum-Magnesium alloys

(Al-1Og-0. lZr, Al-1Oig-0.5Mn, Al-10Mg-0.4Cu) were evaluated
after simulated superplastic forming at warm temperature.

The alloys were initially processed to produce superplastic
response. They were then deformed at 300 C to strains of

100 to 200 % at strain rates of 1.7X10- 3 S- 1 or 1.7X10- 2 S-I

and samples remacbined for ambient temperature testing.

Besults indicate yield strengths of about 276 mpa (40 KSI)

are attainable with ductility varying from about 1 to 1-

percent elongation at fracture. Ultimate strengths corre-

spondingly vary up to about 517 APa (75 KSI). Origin of the

variability in ductility is considered.
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I. INTRODUCTION

In recent years there has been considerable research on

superplastic alloys. Superplastic alloys in general exhibit

elongations tc failure of 200% or more under appropriate

conditions of temperature and strain rate. The driving force

behind this effort was the many favorable applications

for these alloys, such as: (1) application of plastics

industry forming methods to metals; (2) ability to form

complex shapes in one piece; (3) elimination of fasteners

and welds in high strength components with complicated

geometries; (4) employment of non heat-treatable alloys by

elimination of post forming welds. Besearch at the Naval

Postgraduate School (NPS) has concentrated on high-Magnesium

Aluminum-Magnesium alloys. The goal of this research is to

determine wnich of these high-strength, light-weight Al-Mg"

alloys were suitable for aircrazt, missile and spacecraft

ccnstruction.

Previous research at NPS on nigh-Mg, Al-Mg alloys has

developed a thermomechanical process (TMP) to achieve super-

plastic response in a number of these alloys [Refs. 1,2].

Others at sPS have irvestigated the mechanical properties of

these same alloys while in the superplastic regime.

The puupcse of this research is to investigate the

retained ambient temperature properties of three high-ig,

Al-Aig alloys after simulated superplastic forming. The

choice of alloys from among those previously investigated at

NPS was made on tht oasis of those snowing the cest super-

plastic ductilities at a warm forming temperature of 300 C

and strain rates of 10-3 S- 1 to 10-2 S- . The nigher strain -I

rates for superplastic forming were chosen with an eye

toward potential application of tnese alloys; it is gener-

ally recognized that the relatively low strain rates for

superpiastic flow iL many alloys restrict their userulness.

9
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Superplastic deformation to manufacture certain components

is currently beinq used by a number of companies including

Pratt and Wh~itney [Ref. 3] and Rockwell international 4

[Ref. 4. Since 1981 British Alcan Aluminum has had one

subsidiary, Superiorm M~etals Limited, focusing only on

superplastic forming of Aluminum alloys.

This thesis presents the data obtained from the micros-4

tructural examination conducted using optical microszopy to

assist in the evaluation of the test results as well as t"-e

results from the mechanical testing of the as rolled and

superplastically deformed Aluminum-Magnesium alloys. Review

of this work and new questions are posed for subsequent

inv'esti gati on.

01
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II. BACKGROUND

A. ALURIBU-MAGNESION ALLOYS

Aluminum alloys offer several advantages when compared

to steels and Ti-alloys, such as law density, good ductility

and good fracture toughness. Higher strength aluminum

alloys get their increased strength mainly from solid solu-

tion and precipitation strengthening. The formation of the '

second phase precipitate retards dislocation motion and

grain growth. The aluminum-magnesium alloy system has been

extensively studied at the Naval Postgraduate School. It

was selected because of its good strength to weight ratio,

lower density, higher ductility and better corrosion resis-

tance than other high strength aluminum alloys. The s-trengta

of Al-Mg allcys can be improved through warm working at a

temperature below the Mg-solvus but above 200 C. iarm

working produces a fine dispersion of tae beta phase

9(g5 Ai 8 ), and increases the strength tnrougn a combination

of dislocation substructure, dispersion and solid solution

strengthening.

Solid solution strengthening is due to retardation of

dislocation motion due to solute interaction with the stress

fields of the dislocation. Dislocation substructures

present narriers to dislocaticn motion and hence provide a

form of strain hardening. Dispersion strengthening refers to
. tne olockage of dislocation motion by the presence of the

dispersed particles.,,,-

B. SUPERPLASIIC BEHAVIOR

The pnenomenon of superplasticity is considered to be

the ability of a material to deform to high tensile elonga-

tions (usuaily in excess of 200/). The generally agreed

requirements zor acnieving superplastic response are: I)

ejevated teapEratures in the range of 0.5 to 0.7 Im; 2) a

• ... 11 ,
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second phase with strength comparable to the parent matrix;

3) a fine, eguiaxed grain structure with high angle grain

boundaries; 4) a thermally stable microstructure; 5) high

strain rate sensitivity; and (6) resistance to cavitation.

Typically, grain sizes less than 10 m are necessary to

achieve superplastic behavior. The grain size effect on

superplastic flow has been shown by Sherby and Wadsworth

[Ref. 5] to be of the form:

(Deff/dP)f(6) (egn 2.1)

I . -

where is the strain rate, p is the grain size exponent, d

is the grain size and Deff is the effective diffusion coeffi-

cient. The above equation shows that the c stress required

for deformation will have to increase for a given strain

rate if grain growth occurs during superplastic flow. This

grain growth during deformation would, in effect, result in

,,strain hardening". Increased grain size results in larger

diffusion distances; this causes the diffusion flux to

decrease for a given strength and tne result is an appar-

ently stronger, more creep-resistant material.

Two explanations of superplastic behavior frequently -.

presented are: Naarro-Herring diffusion creel [Ref. 6] an..

(2) Cobie diffusion creep [Ref. 7]. In Naarro-Herrin-

creep, lattice diffusion is the rate ccntrolling process. In

euation 2.1eff = L and the grain size exponent p=2. In

Coble creep, grain boundary diffusion is the rate control- a

liag prccess and in 2.1 D = D bd-1 and p=3 . Although
ef f g

neither of these processes rully describe superplastic

behavior, experimental observation of Def f and p nave been

made which support these models [Ref. 5].

The above models predict strain rates far velow those

actually ooserveu. In addition they predict a iengthening

of the grains in the direction of major tensile strains

which is in conflict with the experimental orservation of

12
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superplastically aeformed. materials. As ia y and Verrall

[Ref. 83-have proposed a creep 2odei Dased on diffusional

effects wiic4 is uore consistent with the strain rates and

Post-de forma ticn microstructure exp erientaiyi observed.

Their model is expressed as:

= (98r,3Dv,/k~d) (6-0.727/d) (1+ I;Fb/dDv) (egn 2.2)

where r' is the grain Doundary surface energy, r is tn-- g ra i
boundary tnickLEss, Db is the bounaary diftusivity, Dv is.

the volume difrusivity, 6 is the applied stress, K is

Boltzmar's constant, T is the absolute tenperature, t is tr.eR

Burger' s vector, c is the steady state creep. rate and d is

the grain size. Figure 2. 1 shows an illustration lr tne

basis of trie Ashny-Verrali model. -nis model shows indi-

vidual grains aoving aad cnanging their relative positions

ny grain Doundary sliding witn diffusional accommodation.

L-. -o

Figure 2. 1 Ashby-Verral. Grain Boundary Sliding mlodel.

13
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Several alternate models which focus on grain boundary

sliding with slip accommodation have been proposed. In addi-

tion, at high stresses, it is generally accepted that the
deformation acde is that of dislocation creep [Ref. 9].

The high temperatures, 0.5 to 0.7 Tm (where Tm melting

point) used during superplastic forming require a material

which has a microstructure which is resistant to grain

growth. This requires some form of grain boundary pinning.

The Zener-Mclean relationship,

d = (4r/3f) (eqn 2.3)

where d is the distance between pinning particles of radius

r and volume fraction f, states that a fine precipitate size

will enhance a materials ability to resist grain growth. The "-

particles pinning tne grain boundary should be of a strength

similar to that of the matrix to allow for their deformation

during I&P and subsequent superplastic forming. If they do

not leform they will cause cavities to form in the material.

Stoweil [Ref. 101 notes that cavitation may result from the

decohesion of the particle/ matrix interface during plastic

deforma tion.
In the analysis oi deformation at high temperature,

particularly superplastic behavior, the flow stress is

related to the strain rate by a power law equation. edworth

and Stoweil state the relation as: [Ref. 11]

d =K~ m  (eqn 2.4)

wnere o is the flow stress, K is a microstructure and

temperature depenaent material constant, is the strain rate

and m is tai strain rate sensitivity coefficient. The coef-

.iciEnt is dEfined as

m= (d (1n6) /d (lnf) (eqn 2.5)

14

... -..- .. . ?
.. . . . . . . . . .. . . . . . . . . . . -



,k "d,%

and is usuilly experimentally determined from a log-log plot ;

of stress versus strain rate for the material of concern. "..
Superplastic materials typically have m values of 0.3 to
0.7. The models above (Nabarro-Herring, Coble) predict m =

1; Ashby-Verrall also suggest m tends toward I.
Experimental observation is a < 1, usually nearer 0.5.
Hence, purely diffusional models are not adequate. Also, as
McNelley- Lee-4ills [Ref. 12] and Lee-McNelley-Stengel

(Ref. 13] report, these alloys are superplastic but have a
fine subgrain microstructure rather than a fine grain
microstructure. Both Mills and Stengel (Refs. 14,15: pp.

30, 40] have observed continuous, dynamic recrystallization

with grain growth in these alloys during warm (300 C) defor-
mation. With respect to equation 2. 1 this grain growth would

result in strain hardening of the material. After super-

plastic forming, these alloys have a fine grain/subgrain

structure with a dispersion of precipitate particles.

C. RETAINED AMBIENT TEmPERATURE PROPERTIES . -s'

The high yield strengths, about 300 MPa, of trese alloys

are attributable to several, factors: solid solution

strengthening; grain size refinement and precipitation hard-

ening. In aluminum magnesium alloys the major strengthening

is due to the magnesium in solid solution. Labuscn

(Ref. 16: p. I ] gives the yield stress due to soli"

solution hardening as:

T = (Fma Zoo /T (egn 2.6)

Where , is the yield stress, b is the Burger's vector, Fmax

is the retarding force on dislocations due to the solute

interaction c is the concentration of the solutes, Z is the

distance from tne slip plane to the solute, O( is a numer-

ical factor on t±e order of unity and T is the tension in

the dislocation line. ieyers and Chawla ([ef. 26: p. 399]

also cite the solute atoms as the cause for serrated stress

15
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strain curves. The serrations in stress-strain curves are %

manifestations of the Portevin-Le Chatelier effect. This

arrises whenthe solute atoms are able to diffuse about as

fast as the displacement speed of the dislocations (imposed

by the applied strain rate) and therefore are able to lock

up the dislocations. Eventually, with increasing stress, the

dislocations treak free causing a drop in the stress-strain

curve. This process repeats itself causing the serrations ".7.,

in the stress-strain curve.

The small grain size required for good superplasticity

may contribute to the ambient temperature strength. The

Hall-Petch relation

6 = o+ K t) (eqn 2.7)

where D is the grai, size, o is the yield strength,o o is a

frictional stress required to move dislocations and K is a

material constant. The Hall-Petch model is based on the

piling up of dislocations against obstacies such as grain -'

boundaries. This concentrates the stresses until they are

high enough to cause yielding. Precipitation nardening in

these alloys has a lesser effect than the above two effects.

The presence of cavities formed during rolling or super- ""'

plastic forming would be detrimental to fracture tougnness. .'

The effect can be expressed by the relation:

K = a/f-) (eqn 2.8)

where dis the applied stress, a is the length of a preex-

isting crack and K is the fracture toughniess expressed

in N . The size of the voids formed may be large enough to

serve as crack-like defects of length a. At high strengths,

a may be sufficient to induce brittle-like fracture.
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D. ALLOYING ADDITIONS

Ihe opening paragrapn of this caapter adaressed7 the
effect of tile miayaesium additicr, to the Aluminu,. Figure ..2
shows the binary ;&l-bg phase diagram. of particular note is
the eutectic at 45b1 C. A major precipitate in all tnree ci

these alloys is tne binary oeta pna se, (Mng5 Alg)

20 40 60 80 At% M9 __

Liq.*\ .36 Liq. %
8000

600~~~Li MgI,. 598 f6.7 
.

Mg.AI ~ iq. Mg," A M IM

So00 AT72 O.35 qM
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17%-3 20 4060800

4S4Figure ~ ~ ~ ~ ~ ~ 873 2.N.s iga o h Auiu-ansu ytmFiqre .2 s te prtil trnay pasediar67.or7%
Al-M-Mr sys~in Atthe lloing eves i5theallys6

preen woldn 'lAl Mg Alshsnencnimd yslce

alloy. u Mg-Anly dispersed patce 2fNnItltt
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formation of su±bgrains and thinder grain growth in Aluminum

alloys. Manganese iL soiution has little or Do efrect on

Igrain size. hecrysrallization and precipitation overila, and
interact strongly witt tiLe Magnesium addition. At tempera-

tures Lnelow 650 K, precipitation Frecedes recrystailization.

(Ref. 18] Manganese and miagnesium dhave an additive efiect or.

the macnanical properties oi this alloy syster..

Al__ Mn.! M~) 3 l,

Al__ Al Mg5Als

AIII..AI

W Mg

Figure 2.3 Phase Diagram for the Al-Mlg-M1n System.

Ccpper is dauea to Aiuminum Lil.ovs t) increj.3( tne streng.,.

*ot the ailoy at low temperatures -,Y isr4t treAtmernt, and It

fli4LI temperatures tn-rouqn tne tjrtioL o Z ampoul2s witD

otnier metals. Coppcr is d grain rEtrirf.r 11, AlIum allo.LO

At the teMPEratures ar~d coflcentrat.3n. cansiaered in tais

*researcn the COMPO iE1oL 0ot t te ]Aterz,2tu'lic 6ould L

cu~qAI,. Figure 2.i4 ,s a copy ai tat AI-!1y-Cu pihaste diagram

taken frow M'ondolto [hef. 18: p. 498].
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AI+CuAI,

.%e.*

Quasibinary
800 hne

/ It

4400~-J

Al Mg5g All

L Al/
Al 4 8 12 16

wt.% Mg

Figure 2.4 Partial Phase Diagram for the Al-Mg-Cu System.

E. PREVIOUS NORK

AlUMILrUM-mageSlIun allOYS h,!Vt Leenl tn resunjeCt C:Z

extensive investigation and study at tue Ncivai Postgradudt~c

*School. Following earlier work at !IP. Jornson (Ref. 1),
*standckrdized the tnermomectkanical processing of the b-105*

aluminum magnesium alloys. I.- taese- ailoys, he reported

pgood ductility and material strecath. twice that oi 5XX
alloys. diLs prccedure was to solutionL treat the material at
440 C for nine nours, not work, aneal for one hour at '440

C, cquenrch, and trt-n warm roll. Joninsor, usea warm rolling

temperatures in~ Cue range from 200 L to 3Lj0 C. he concluded
that the beta phase (Al8Mg5) Contributed by dispersioin

stren~gthening to th,- high strength and good auctility found

in these alloys.
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Shirah [Ref. 19], improved the microstructural homoge-

neity by increasing the solution treatment time to 24 hours.

This extended treatment minimized precipitate banding while r-,.
not effecting grain growth.

Becker [Ref. 2], combined previous work, and developed

the procedures for isothermal tensile testing at elevated

temperatures. His testing centered around temperatures of

250 C and 300 C. His work concentrated on the Al-8Mg-0.4Cu

and Al-10Mg-0.5n alloys. Becker observed superplastic

elongations up to 400%, and concluded that the higher magne-

sium content in the 1OMg-0.55Mn alloy stabilized grain size

and extended the range of superplastic behavior to nigher

tern pera tures.

Mills [Ref. 14], extended Becker's work on the

Al-1Lqg-0.5Mn alloy over a larger temperature range and for.'

additional strain rates. He found activation energies and

strain rate sensitivity coefficients consistent with those

in the literature. Self [Ref. 20] looked at several aluminum

magnesium alloys including: Al- 10Mg-0. 21n, AI-8Mg-0.4Cu,

Al-8Mg-0.4Cu-0. 5Mn, Al-8Mg, AI-1OMg and Al-10dg-0.4Cu. ie.

found the use of copper on an equal weight percentage as

effective as the use of manganese to promote superplas-

ticity. The primary benefit of manganese is as a grain

refiner where as Copper homogenizes the microstructure and

has some grain refinement ability. Stengel (Ref. 15]

continued the work of Becker and Mills on the Al-10ilg-0.5Mn

alloy by using five different annealing treatments following

warm rolling. She found that annealing below the rolling

temperature, at 200 C, enhanced the superplasticity. She

also concluded that recrystalization strengthened the

microstructure but resulted in decreased ductility.

Alcamo [Ref. 21] looked at both Ai-8Mg-O. lZrand

AI-1OMg-O.lZr alloys. After initial evaluation of the super-

plastic response of noth alloys, he concentrated ais

research on the Ufa Mg alloy. Alcamo did extensive testing

20
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on the l-108g-0.lZr alloy at 300 C. He evaluated the
variation in the strain rate sensitivity coefficient, m,
with variation in strain and strain rate. He also studied

microstructural changes in this alloy using transmission
electron microscopy (TEM) for strains varying from 8% to

267% at two different strain rates. The information gained
using TEM was used to correlate how r, F , , d and m vary

with deformation. Berthold ([ef. 22] and Hartmann [Ref. 23]
concurrently with Alcamo did extensive research on the

Al-10:Ig-Zr alloy. Berthold concentrated on microstructural"
aspects, examining the microstructural changes during

processing as well as after fracture at varius temperatures
and strain rates for as rolled, annealed and recrystalized

samples. Hartmann did extensive mechanical testing at

various temperatures and strain rates for as rolled,

annealed and recrystallized samples to determine activation

energies and strain rate sensitivity coefficients. .-

21
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11I. FXP"ZN F-jOEDURE

A. MATERIAL PROCESSING

The three alloys studied in this research were direct-

chill cast at the ALCOA Technical Center, Alcoa Center, PA.

Each ingot was produced using 99.99% Aluminum base metal and

was alloyed to the desired composition using commercially

pure alloying materials and therefore they have low Si and

Fe content. 5% Be-Ai master alloy and 5% Ti-0.2% B-Al rod

were added for oxidation and grain size control respectively

during casting. As-received ingots 501300A and 501301A

measured 127 mm (5in.) in diameter by 1016 mm (40 in.) in

length. As-received ingot S572826 measured 152 mm (6 in.)

in diameter by 1016 mm (40 in.) in length. The composition -

of each alloy is listed in Table I Analysis of Ingot content

was provided by ALCOA Technical Center (Ref. 24].

TABLE I p

ALLOY COMPOSITION (VEIGHT PERCENT)

_~.N~.Ng Cu MU. Zr Si Fe Ti Be

501300A 10.2 0.00 0.52 0.00 0.01 0.03 0. 01 0.0002

501301A 10.3 0.41 0.00 0.00 0.01 0.03 0.01 0.0002

5572826 9. 89 0.00 0.00 0.09 0.01 0.03 0.01 0.0002

The ingots were sectioned to proauce billets of dimen-

sions 96 mm (3.75 in), X 32 mm (1.25 in), X 32 mm (1.25 in).

These dimensions were selected to facilitate subsequent

processing of the billets with available equipment. The

procedure .or the thermomechanical processlng of the

billets is similar to that developed by Johnson, (Ref. 1: p.

10] and refinea by Becker [Ref. 2]. Figure 3.1 is a scne-

matic diagram showing the steps in tne thermomechanical

processing (TAP).

22
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ij1urc 3.1 Thermomechanical Processing Technique.

Tne billets were solution treated zor 24 hours at t he...

temperatures indicated in Table II .:::::

Two solution treatment temperatures w-re chosen for ota -,i''

tae Al-10,ig-O0. 1Zr and Al-10mg-O.5mn a"loys to investigate-.
the effect of solution treatment temperature or, retained .---

echanical properties !or bora of these lloys. T.e solu- """

tioL tr eatmeat temperature f or the Al- 10Mg- 0. 4Cu was lo wered i.

from 440 L, as used ry Self, [Ref. 20: p. 10) to 425 C to .
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TABLE 11

SOLUTION TREATMENT I!ZMPEEATUE

ALLOY PERATURE
AI=TH-0. 1 Zr 40

proxmit oftheternary eutectic temperature in this

Al-,g-u aloy Intherolingof hisalloy (as described

belo) itergannlar racingwasencountered with some

billets when prior solution treating was done at 440 c.

Reduction of the solution treatment temperature eliminated

this prcblem.

The billets were then upset forged to approximately 29

mm (1. 15 in.) on platens heated to the solution treatment

t em pera ture, annealed at the solution treating temperature

for one hour and then vigorously oil quenched. This hot

working reduced the billets by approximately 705r, equivalent

to a true strain of about 1.2. 4Jarm rolling was then done at

300 C within 24 hours of upset forging, in the manner

described by [Ref. 14: p.10] Isothermal rolling was aesired

so each billet was placed in thie furnace for 30 minutes to

heat from room temperature to 300 C before the first rolling~

pass. Interpass reheating times were controlled according

to the scnedule helow:

TABLE III

REHEAT TINE--THICKNESS REDUCTION SCHEDULE

Billet thickness eheat Time Thickness Rieduction

0> 25 iam (> 1.0 in) 10 min 1 mm/pass (.04 in/pass)
12mm to 25mm (.5 to 1 8 mn 1 mm/pass (.04 in/piss)

7mm to 12mm (.3 to 6 . n 1mm n)0 a/asbm mo 1m (m/as .04. ii/pas5mmto7m (2 o 3 n) 6 min .75mm/pass .03 in/pass)
< 5 mm (< 0. 2 in) 6 min .S0mm/pass (02 ih/pass)
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Each niilet was rolled to a thickness of atout 3.8 mm

(.15 in) thickness. This required anout 2& passes, resulting

in a iindi warm reduction of approxirateLy 63 , equivalent

to a true strain of aDout 1.8. Figure 3.2 shows on a

portion of the Al-Mg phase diagram where the not ana warm

working were done.

600
(AI)+L

(AI-Mg SOLID SOLUTION)
500

SOLUTION
W " 400- TREATING

ANJDrn 300 1--.
HOT WORKING (AI) + G (Mg5 Al.

M: 300 i-i

} WARM WORKING

Idt- 200

100
0 5 10 15 20

WEIGHT PERCENT Mu

Figure 3.2 Portion of the Al-Mg Phase Diagram Showing

Where Material Processing was Done.
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B. SPECIMEN FABRICATION

For. the simulated superplastic warm forming, two blanks

were cut. fromn eaci. rolled s~aeet. The Diank dimensious were

146 mm (5.75 in) in lengtr. ry 33 nrA (1.4 in) in width.

These were macnined to give Lominal gage dimensions of 2j.30

mm (0.800 in) widti, and 50. 80 mm (Z. 000 in) length. This

gave a gage width to irengtL. ratio of 1 to 2. 5. Shoulder

curvature ior these specimens was 6.35 mm (0.2i in) . Figure

3.3 sniows tnis specimer. geometry. '

1,46 mm (5.75 in.)
6.3 5 mm (2.5 in.) -

Elongat ions wEre Lased oii a 50. 8 mm (2. 0 ina) gage length

scri'bed on- the specimens bef ore warm deformdtior.

Additional gage marks were scrioed or, tne= specimens at 6.35

mm (.25 iL) intErvais tarougnout tne gage sectiorn to zeasurs

local plastic strains within the gage sectio& after nominal

deformatioL cf the rull specimen. This was necessary aue to

the inhomoqenecus deforiation of: the gage section encouL-

tered when the spEcimens were super plastically deformed.

Following simulated superplastic forming ambient temper-

ature test blanks 74 mm (2 .9 in) long i~y 12 mm (J. 5 in)

wide, were cut from trie gaqe- sections of tae warm aetormed

specimens. These were macained to give gage dimensions of

2o
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6.35 mm (0.250 in) bidth by 25. mm (1.000 in) iength. Ihis

gave a gage width to lezgth ratio of I to 4. :ne radius of -.0

curvature at the ends o the gage section was 0.5 in. as

specified in ASiT? L-8 for tensile specimens. Figure 3.4

shows tais specimen geometry. Due to non-uniform deformation

of the gage section in the Zirconium-containing aloy and

due to the small gage section widt after 200% plastic

strain in some specimens, a smaller size ambient temperature

test specimen, 6o mm (. in) it lengtn and 10 mm (0.4 in)

in width with 5.08 rm (0.200 in) width Dy z0.32 mm (0.800

im) length gage section was used wnen necessary. Figure 3.5

shows this specimeL geoMetry.

74 mm (2.9 in)

4-..j25.4 mm

T

"13 m1 i 6.35 mm ;.

12.7 mm\'-"radius
F. Fgure 3.5 Smtanard Room Temperature Test Specimen.

i" 66 mm (2.6 in) )

2,. 20. 3 mm .

[ - i10 mr 5.0 mm '''

I". I ~12.7 mm ::.-

"radius

•Figure 3.5 Small Boom Temperature Test Specimen.

27



kr.~~ rJ-jrW'- _'

C. SPECIMEN 72STIEG

Simulated superplastic forming was done at 300 C at a

strain rate of either 1.7X10- 3 S-1 or 1.7X10- 2  S- 1. An .

electromechanical Instron machine was used to conduct the

warm deformation in a manner similar to that used previously

for superplastic testing at NPS, as described by (Ref. 20].

Test specimens were placed in wedge grips and held in

place by pins passing through the wedges. The wedges were

placed into grip assemblies which were screw mounted on pull

rods connected to the Instron machine. The wedges, grips and

pull rods were machined from type 304 stainless steel.

Heating for the warm temperature superplastic deformation

was provided by a Marshall Model 2232 Three-Zone Clamshell

Furnace. Furnace temperatures were maintained by three sepa-

rate controllers, each with its' own thermocouple sensor

located midway in its' zone inside the furnace.

Flue effects were reduced by the use of additional insu-

lation on the top and bottom of the furnace. This consisted

of insulation mounted inside the top and bottom of the

furnace and wrapped around the pull rods. when the furnace

was closed, outside top and bottom ceramic plates whic..

fitted around the pull rods were closed and three-one inch

thick glass fiber insulation pads were fitted around the

pull rods top and bottom and wired to the furnace. Thin

strips of fiber insulation were placed between the mati..

faces of the furnace doors.
Four thermocouples were installed inside the furnace to

monitor directly the specimen temperature. Two thermocou-

ples were brought in along each pull rod. These were secured

to the pull rod with Nichrome wire. One thermocouple from

eacn end was placed in contact with the end tab of the spec-

imen to directly monitor its temperature. The other thermo-

couple from each end was piaced near, but not touching, the

gage section of the specimen. The two thermocouples along

the gage section were placed on opposite sides of tne gage -

28
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section and overlapped by about one inch before deformation

to maintain good gage section temperature monitoring during

the nominal 2 inches to 4 inches of deformation given to the

samples. The furnace controllers were adjusted so that the

four thermocouples were all within 1% of 300 C. The furnace,

grips and pull rods were heated for 
24 hours before a series

tests to give the components time to reach thermal eguilib-

rium. After a sample was mounted the furnace was closed and

the four thermocouples were monitored until they were back

within 1% of 300 C. This would usually take about one hour

and then deformation would begin. The crosshead speeds were

either 5.08 jam/min (0.2 in/min) or 50.8 mm/min (2.0 in/min).

For the specimen geometry this provided strain rates of

1.7X10-3 S-1 or 1.7X10- 2 S-1.
Ambient temperature testing was conducted on the same

electromechanical Instron machine. Specimens 
were mounted in -

vise action grips. A crosshead speed of 1.27 am/min (0.05

in/min) was used for all ambient temperature testing. This

resulted in a strain rate of 8.3X10-' S-L far the 1 inch

gage section specimens and a strain rate of 1.04XIO-3 S-  -

for the 0.8 in gage section specimens.

D. DATA REDUCTION

Elongation was determined by measurement or the separa-

tion of tne scribed gage marks for the warm deformed samples

and the outer edges of the gage lines for the amnient

temperature specimens. Elongation was calculated using

equation 3. 1

5 Elongation = (L -Lo)/Io (eqn 3.1)

Where Lo was 50.80 mm (2.000 in) for the warm deformation

specimens and approximately 25.4 am (1.0 in) or 20.3 mm (0.8

in) for the ambient temperature test specimens depending on

the size specimen tested, and L was the gage length measured INIV

for the deformed (or fractured) test sample. individually

29

- - - -. . . . . .. V



measured L values were used for each ambient temperature'

test specimen. The Instron strip chart recorded the applied

load (lbs) vs. chart motion. The magnification ratio
between chart speed and crosshead motion was 10 for the

warm deformation and 40 for the ambient temperature testing.

From the strip chart, data points of chart displacement

and load were taken from the curve. A "floating slope,' was

used on the strip chart from which measurements were taken.

This was used to remove such variables as grip adjustment

and elasticity of the samples and Instron components. Using

the magnification factor and the specimens initial dimen-

sions a programmable handheld calculator was used to compute

engineering stress, engineering strain, true stress and true

strain. The following basic formulas were used:

S = P/A (eqn 3.2)

ep= (I -Lo) /L o  (eqn 3.3)
p!

6 = S(l+e) (egn 3.4)

In, ln(+e) (egn 3. 5)

where ep is the engineering plastic strain, 6 is the true

.pplastic strain, S is the engineering stress and I is the
true stress. Since the relationships for true stress and

true strain are only valid up until the onset of necking,

true stress vs. true strain plots ior the warm deformation

show those points past tae onset of necking as aashed lines.

There was routinely a discrepancy between the measured

. elongation and the elongation computed using raw data from"

the strip cnart. This discrepancy was as hign as 50 ? and

averaged anout 25% in the warm deformed samples. The

discrepancy in the ambient temperature tests was as high as
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30% and averaged anout 20%. This discrepancy is predomi-P

nantly caused by the plastic deformation oatside of the gage

section in the End tat areas in both cases.

E . ItET ALLO GBRAPB Hf Y

After fracture selected ambient temperature test speci-

mens were sectioned as shown in figure 3.6 Specimens for

optical microscopy were mounted in, standardt plastic moulds

sur face
examined
with optical
microscopy *-1

Figure 3.6 Sectioning for fetallographic Examination.

with cold mournting coanpound. SpecimenE for SCdanlng electror.

microscopy were attach~ed to starndard stuns with conductive

silver past,-_ ;AL o~tical microscopy e;icimens were poiisni.=;
first using 240 tzo o00 grit paper ioliowea by polishing with

Aiuminum oxide anrasive and finally pclisned with lagnesium 7
cxide arrdsive. Tat: A!-1O~q-0.1Zr and Ai-101ig-0.5.nn speci-

mens were etcnea using barkers's reaigdrA (2.5 mi. HBFL4 in 100

ml water, electroiytic) at 20 volts d.c. tar 40 seconds. The

0 ~ Al-1O.lg-0.-4Cu specimens were etcned using Kieller's reagent
(2~- mlL El, . l~ , 5 ml. HN03 and 190 ial. witer )for

seconds. Zeiss Uziiversal. microscope was used for both exam-

ination and phutc:;rapaic work. KoaaK 35mm Panitomic-X f ilIm

0 was used for tnz optical micrographic recordirn . All photo-

micrographs were m~ade on specimens tensA'ie tested to frac-

ture at amnient temperature and usually near the fracture

site.
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IV. _s AND 1;SCUSS1o!

A. SOLUTION IREATING TENPERATURE

The thermomechanical process (TMP) shown in Figure 3.1

previously developed at NPS was followed for each of the

alloys investigated. Modifications to the solution treating

temperatures were made as indicated in the background

section. Previous work by Beberdick (Ref. 25] on as-rolled

material, had indicated that increasing the solution

treating temperature for tae Al-10Mg-0.5dn alloy enhanced

its room temperature ductility. The as-rolled room tempera-

ture ductilities for both solution treating temperatures

shown in Table IV are very similar. The ductility of the

440 C solution treatment varied from 2.8 to 5.8 percent and

the ductility for the 490 C solution treatment varied from

2.9 to 5.7 percent. Hence this research does not bear that

out.

After a 75 minute anneal at 300 C, the 440 c- solution

treatment had a ductility of 14.4; while the 490 C solution

treatment gave 12.6% ductility. Optical photomicrographs,

Figures 4.1 and 4.2, show no discernible difference in

microstructure between the two solution treatment condi-

tions. All photomicrographs are of sections cut from speci-

mens tested in tension to fracture at ambient temperature

and are usually from near the fracture site. During simu-

lated superplastic forming it was noted that the 490 C-
solution treated material produced more uniform deformation

at the higher strain rate, 1.67X10-a S- 1. This is shown

later in this section. Otter than noted above, the higher

solution treating temperature does not appear to produce any

improvement in the mechanical properties of this alloy.

Two solution treating temperatures, 440 C and 490 C,

were also applied to the Zirconium containing alloy to

determine if increased solution treatment temperature would

32
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TABLE ITV

AL-1ONG-0.5MN BOTH SOLUTION TREATING TEMPERATURES
AS-ROLLED, BOOM TEEPER1TUBE MECHANICAL PROPERTIES

A oL-10MG-0.51N

(SOLUTICN TREATED AT 440 C)

AS ROLLED:

BILLET Sy Su O1y u STRAIN
NUMBER MEASURED

(llPa) (MPa) (MPa) (MPa) (%)
Mn7-2AR 299.3 470.4 300.0 496.7 2.8
Mn6-3AR 258.8 481.7 259.3 495.9 3.4
Mn2-3AR 309.4 410.7 310.1 514.4 4.0
Mn2-2AR 246.7 482.2 297.3 515.5 4.2
Mn2-1AE 340.6 504.4 341.3 538.2 5.1MnT-IAR 375.8 522.0 376.6 552.8 5.8 is.

AS ROLLED--ANNEALED 1 HE AT 300 C
Mn6-1AR 325.2 446.2 325.8 484.2 7.4

AS ROLLED--ANNEALED 1 HR 15 MIN. AT 330 C ..
Mn6-2AR 275.3 462.7 275.9 556.2 14.4

Al-10MG-0.531N
(SOLUTICN TREATED AT 490 C)

AS ROLLED: ."SRAIBILLET S Su (f du ,% STRAIN , -NUMBER y u MEASURED

(MPa) (Mpa) (M Pa) (Ma) )

Mn16-3AR 332. 1 485.1 332.8 504.0 2.9
Mn1l4-1AE 259. 1 67.4 260.2 441.8 3.4
Mn16-1AR 338.3 507.3 388.9 541.3 3.5
Mn13-1AR 298.2 492.8 298.8 519.8 4.3
n16-2Af 333.4 513.3 334.1 551.9 4.7

Mn11-2AR 271.6 502.5 272.1 546.7 5.7

AS ROLLED--ANNEALED 1 HR 15 M IN. AT 300 C
Mn11-3AR 291.9 456.8 292.6 531.7 12.6

improve the distribution of the Zr and enuance the room

temperature mechanical properties. Optical photomicro-

graphs, Figures 4.3 and 4.4, show a random dispersion of 1-5

micron ZrAl3 particles with no discernable difference

tetween tne two Solution treating temFeratures. Table V

shows ductilities of 4.9 to 9.2 % for the 440 solution

treated material azd 4.0 to 10.5 % ductility tor the 490

solution treated material tested at room temperature in the

as-rolled condition.
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(a)

6l

-~~ 

at.,, '

(b)

Figure 4. 1 A1-l1flg-O.5nn Both Solution Treatments

A s-R olled, 440 C (a) and 490 C (b), Barkers etch, X100.
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The yield and ultimate strengths are approximately egual

for both solution treatments at about 310 MPa (45 KSI) yield

and 460 MPa (67 KSI) ultimate strength. Optical photomicro-

graphs 4.5, of material from both solution treatments after

75 minutes of static annealing at 300 C show no apparent

effect of the different solution treating temperatures. The

mechanical test results in Table V shows better ductility

for the lower solution treating temperature. The higher

solution treating temperature does not appear to cause

dissolution of the ZrAI3 precipitates.

both the Al-1OMG-0.lZr and Al-10Mg-0.5Nn alloys solution

treated at 490 C were brought directly to that temperature

without a hold a 440 C. An initial hold at 440 C is gener-

ally recommended to allow the beta Magnesium (Ng5A18) to go

back into solution to prevent partial melting when going

above the 451 C eutectic temperature. Even though this was

not done, no cracking problems on rolling, usually associ-

ated with partial melting, were observed for either of these

alloys. It is felt that this was attrinutdble to several

factors; (1) the long (24 hours) solution treating time; (2)

the 5%lIi-0.2%B-Ai added for grain size control in the

casting and (3) the limited segregation during casting due

to the direct chill casting process. £he long solution

treating time appears to have been sufficient for any beta

which did melt to go back into the solid solution. Factors

two and three limited the size and amount of beta present i.-.

the as cast ccndition. Although this was not the recommended
method of heat treating these alloys, no apparent micros-

tructural damage was done to Eitner alloy.

Reducing the solution treating temperature to 425 C for

the copper- containing alloy eliminated all cracking prob-

lems -during warm rolling of this alloy. The need to reduce

the solution treating temperature from 440 C was realized

from a closer examination of the Al-Mg-Cu ternary pnase

diagram shown in Figure 2.4 in the background chapter. his
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(b) As-rolled plus annealed 75 minutes at 300 C X100

Figure 4.4 AI-l06g-0..lZr Both Solution Treatments

As-rolled, 440 C (a) and 490 C (b) , Barkcers etch, XIOO.
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TABLE V

11-1-ONG-O.1ZE DATA FOR BOTH SOLUTION TREATMENTS
AS-ROLLED AND ROOM TEMPERATURE MECHANICAL PROPERTIES

Al- 1OM G-0. 1Z R
(SOLUTICN TREATED AT 440 C)

AS ROLLED

BILLET S r STRAIN
NUMBER sY y U iEASURED

(MPa) (MPa) (MPa) (MPa)()

Zr2l-1AR 317.6 484.3 318.2 522.0 4.9
Zr19-1AR 335.3 489.4 336.0 525.8 5.0
Zrl 9-2AR 308.5 458.9 309.1 496.7 5.1
Zr24-2AR 314.3 445.3 315.0 490.9 8.0
Z r2 4-1 AR 295.6 441.6 296.2 489.3 9.0
Zr3 4-1 AR 281.2 430.9 281.8 487.3 9.1
Zr20-1AR 316.6 496.2 317.2 553.3 9.2

AS ROLL ED-- ANNEALED 1 HR AT 300 C
Zr34-2AR 31C.3 646 252.9 476.4 12.2

AS ROLL ED-- ANNEALED 1 HIL 15 MIN. AT 300 C
Zr34-3AR 203.0 407.8 203.3 520.9 12.2

ALI-11MG - 0. 1Z R
(SOLUTICN TREATED AT 490 C)

ASROLD

BILLET Sy dj1ry C' %STRAIN
N UiBER MEASURED

Zr26-1AR 331.0 507.3 331.6 552.4 4.b
Zr2c3-2AR 335.9 475.2 336.5 511.7 5.6
Z r2 8- 1AR 320.7 474.5 321.3 522.b 7.0
Zr28-3AR 341.9 438.6 342.6 462.0 7.4
Zir25-1AR 312.0 448.5 312.6 492.4 9.4
Zr30-2AR 273.5 436.8 274.0 490.1 9.8
Zr3O-1AR 286.3 433.3 286.9 488.5 10.5

AS ROLLED--ANNEALED 1 HR AT 300 C
Zr25-2AR 26 1. 4 416.3 261.9 481.1 12.2

AS ROLL ED--A NNEALED I HE 15 MIN. AT 30 0 C
Zr2 5-3A 1 ~56. 5 421.4 257.0 49b.2 14.0

*was done after cracking problems were experienced when warm

rolling tiie first ftew billets off the copper containing alloy

solution trzated at 440 C as had been done in previous work

at NPS. The proviem appears to be with the melting point ot

the ternary intermetallic, Culq4AI6.
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B. SIMULATED SUPERPLASTIC FORKING

The test matrix for this thesis called for simulated t-

superplastic forming of twelve specimens of the as-rolled

material for eaca solution treating temperature of each

z' alloy. The twelve provided for four samples deformed to
100%, four deformed to 200% strain, all at 1.67X10-3 strain
rate and four deformed to 100% strain at 1.67X10-2 S-1

strain rate. During the simulated superplastic forming

phase a thirteenth sample was added for each alloy/solution

treating temperature combination. This sample was warm
deformed to 200% strain at 1.67X10- 2 strain rate to check,
in a qualitative way, how well each material handled large

strains at moderate strain rates. The Al-10ig-0.lZr, solu-
tion treated at 440 C, was the first to be tested in this

category. It was stopped at 160 % nominal to insure that

fracture did not occur . The extra specimens for the other

four processing conditions were strained to 200 % nominal
strain. The specimen with the most uniform deformation cf
the gage section in this category was the 490 C solution

treated Manganese containing alloy shown later.

C. AL-10G-0.IZR SOLUTION TREATED AT 440 C"-

1. Simulated Superplastlg fogaina a QQ C
Samples of the as rolled material cut to the spec-

lmen geometry shown in Figure 3.3 were deformed at 300 C to .

nominal strains of 100,140, 160, and 200 % at strain rates

of 1.67X10- 3 or 1.67X10-2 S-1. Inhomogeneous deformation of

the gage section during simulated superplastic forming was a
severe problem in this alloy. It was necessary to deform to

nominal strains of 140 % to 1o0 % to obtain the local

strains desired (100% or 200%) for subsequent ambient
temperature testing. Figure 4.6 shows the most uniform,

warm deformation specimen at each condition of strain and
strain rate for this alloy.

Figure 4.7 shows all the warm deformation specimens

for this combination of alloy and solution treating.
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temperature. Warm deformation stresses were consistent with

those measured by Alcamo [Ref. 21: p. 110] as shown in

Figure 4.8.
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2. js=.rolled and As-rol~ 19 p aL nnealed

As-rolled specimens were tested at 8.3X10-4 S-1

strain rate at ambient temperature for comparison with

previous work by Alcamo and Hartmann [Refs. 21,23: pp. 4~7,

50] and to check the consistency of processing through the

warm rolling stage. Table VI shows good agreement of mechan-

ical test results when strain rates are approximately equal.

TABLE VI

DATA FOR AS-ROLLED AL-10MG-0. iZE SOLUTION
TREATED AT 440 C AND TESTED AT ROON TEMPERATURE

AL- 1 0MG -0. 1iZ R
(SOLtJTICN TREATED AT 440 C)

AS ROLLED

BILLET S,%STRAIN
NUMBER SY S Y t EASUEED

1 a) * * 270 456 11.7
1 b310 450 9.5
2 c 500.8 8.0

21 d** 457.6 13.2
2 lei 445.9 12.2

Z2 AR 317.6 484.3 318.2 522.0 4.9
Zrl9-1AR 335.3 489.4 336.0 525.8 5.0
Zrl 9- 2AR 308.5 458.9 309.1 496.7 5.1
Zr24-2AR 314.3 445.3 315.0 490.9 8.0
Zr24-1AR 295.6 441.6 296.2 489.3 9.0
Z r3 4-1 A R 281.2 430.9 281.8 487.3 9.1
Zr2O-IAR .316.6 496.2 317.2 553.3 9.2

AS ROLL ED--AN NEALED 1 HR AT 300 C
Zr34-2AR 310-3 b46 252.9 476. 4 12.2
AS ItOLLED--ANNEALED I HR 15 MIIN. AT 300 C
Zr3 4-3 AR 203.0 407.8 203.3 520.9 12.2

*Specimen fractured beiore 0.1 true strain
*Not availatle

S11 Alcamo p. 47 Two strain rates (S-1 I. o7X 10-3 (a) ,X10-2 (b)
2 artmann p. 43 Three strain rates (S1) 6.67X10-4 (Cie*

*.OY710-3 and b.67X 1 0Z.

In industrial application of superplastic forming, sonae

portions of a finished part are annealed at the warm forming

temperatures while others are deformed. Room temperature

tensile test specimens were statically annealed at the warm

forming temperature (300 C) to provide data on .aterial
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annealed only in addition to tn e data on sa mple s

experiencing superplastic forming. Table VI includes these

results .Compared to the as-rolled material, the annealed ~

material shows a sharp increase in ambient temperature

* ductility with a corresponding decrease in yield and ulti-

mate strengths. This is to be expected for a recovered woric

hardened material. Berthold (Ref. 22: p. 60] has shown that

at 300 C only recovery, not recrystallization, occurs in

this material.

3. Ambient emperature Mechlanic al Prope~rties

The results of ambient temperature tensile testing

on specimens cut from the previously warm deformed materials

are presented in Table VII

TABLE VII

AMBIENT TEMPERATURE PROPERTIES OF AL-1OMG-O.1ZR SOLUTION
TREATED AT 440 C, AFTER SIMULATED SUPERPLASTIC FORMING

* WARM DEFORMED AT 300 C
BILLET STRAIN STRAIN S S 1. du STRXIN
NUMBER RATE NOM LOCAL Y' U YMEASURED

(S-I)(() (MPa) (MPa) (M~a) (2MPa) 11)

Zr2l-2 10-3 100 1 jj0 244.3 338.1 244.8 347.2 1.7
Zrl9-1 10-3 200 100 260.6 382.5 2b1.1 402.6 4.1
Zr23-2 10-3 100 100 268.0 417.6 268.6 469.8 8.9

Zr22-1B 10-3 140 150 282.7 423.1 283.3 463.9 7.2
Zr22-1A 10-3 140 150 282.3 423.4 282.9 474.4 8.9

Zr3'4-1 10-3 160 200 263.9 402.2 264.4 439. 1 5.8

Zr2l1-1 10-2 100 75 280.1 407.4 280.b 432. b 4.5
*Zr19-2 10-2 100 100 267.5 362.3 268.0 377.9 2.6

Zrl8-2 10-2 100 100 285.7 463.3 286.3 531.7 11.2

Zr23-1 10-2 100 200 220.8 438.8 221.2 516.1 12.2

The data shows some very attractive properties for this
alloy. It is superplastically deformabie at warm temperature

to at least 200% strain at strain rates of 1.67x10-2 S-1

yield and ultimate strengths fall only slightly as a result

of the warm deformation. The ambient temperature ductilities

of this alloy varied from two to twelve percent. The higher
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ductilities are excellent in comparison to current commer-

cial superplastic aluminum alloys. The wide variability in

the ductilities is of serious concern, however there is no

discernible pattern to the scatter in the values obtained.

Optical microscopy, up to 800X, provides no clues to the

cause ox the variability in room temperature ductility of

the previously warm deformed material.

The photomicrographs show no cavities and no association of

the fracture with 2nd phase particles. When the cause of

the variability is discovered and if it can be controlled

this will be a very attractive alloy with high strength to

weight ratio for superplastic forming.

4. Opt ial microscopy

Optical microscopy was performed on this alloy to

help determine the cause of the variability in the mechan-

ical test results, particularly the wide scatter in the

ambient temperature ductilities after warm deformation.

Optical microscopy was also done to see if there was any

discernible difference between the two solution treatments

applied to this alloy, as was discussed in the previous

section of this chapter. Figures 4.9 through 4.11 are of

two of the least and most ductile samples at a given strain

and strain rate combination. Photomicrographs are of the

fracture surface sectioned as shown in Figure 3.6

Magnification is inaicated at the bottom of each Figure. The

most nolable difference between high and low ambient temper-

ature ductility specimens is the size of the flat area

perpendicular to the tensile axis. The more ductile the

sample the smaller the flat area, 2xample Figure 4.11 . This

follows the general trend for ductile materials. The angled

outer fracture lip is indicative of ductile fracture. The

small amount of necking, example Figure 4.12, is typical of

high-Magnesium Aluminum- magnesium alloys, as noted by

McNelley-Garg and by McNelley. (Refs. 17,26]. At this

level of wagnification there are no apparent reasons for the
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variability in the ambient temperature ductility between.

samples with the same prior thermomechanical history. Crack

path, as noted previously, does not appear to follow any

particular features in the structure.

D. AL-10G-0.1ZR SOLUTION TREATED AT 490 C .%

1. Simulated Superplastic Formn at 300 C

Samples of the as-rolled material were warm deformed . 4.

at 300 C to nominal strains of 100, 150, 170 and 200 percent .-.-.

strain at strain rates of either 1.67X10- 3 S-1 or 1.67X10-2

S-. As with the 440 solution treated Zirconium alloy,

severe inhomcgeneities in the deformation of the gage

section were exper ienced. Therefore, the intermediate

strains of 150 and 170 percent were used to obtain local

deformations of 200 percent in the 1.67X1O- 3 S-1 strain rate

samples. Figure 4.13 shows the most uniform specimens

obtained in simulated superplastic forming to 100 and 200 .

for both strain rates. All specimens of this test group are.

shown in Figure 4.14

The flow stresses for this alloy are equal to those for the

440 C soluticn treatment. Previous Figure 4.8 shows this

comparison.

2. As-rolje and As-_gl~ed jlqs Anneal

Table VIII gives the ambient temperature tensile

test results for this processing condition.

This solution treatment of this alloy shows ambient tempera-

ture ductility in the as-rolled condition ranging from 4.b

to 10.5 percert. Annealing at 300 C produces the expected

increase in ductility with corresponding decrease in yield

and ul timate strengths for a recovered material. The

randomly-distributed, large ZrAI3 particles shown in Figure

4.15 for the 440 C solution treatment are also present in

the 490 C solution treated material, Figure 4.16 The

increased solution treating temperature does not appreciably

reduce the number or size of the ZrAi3 particles. As noted

48

. . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . °

. . .. ~ . *...*,* . -" * *.. . . . . .



M, '.: 1' ofV0 v - V-. h V W-yI.- VK J. NF L YU _v_ I'.YrY -. 71 KP2-P.* ~ ~ J,

72a

(a)~~~~~~~~~f 1.V.abettmeauedutlt.BresecX0

(a .7 %. amin teprtr utlt.4akr th 10

* ~~ .. 4 .

(b) 8.9 %. ambient temperature ductility. Barkers etch, X100.

Figure 4.9 Al 10Mg-0.1Zr Solution Treated at 440,

Warm Deformed at 300 C to 100% Strain.
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Figure 4. 11 Al-10dg-0. lZr Solution Treated at 440,
Warm Deformed at 300 C to 100% Strain.
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TABLE VIII

DATA FOR AS-ROLLED Al-10MG-0.1ZR
SOLUTION TREATED AT 490 C

AL- 1 ONG-0. 1 ZR
(SOLUTION TREATED AT 490 C)

AS ROLLED:

BILLET S Su du %STRAIN

NUMBER dEASURED

(lPa) (MPa) (IlPa) (IPa) (%)

Zr2l-IAR 317.6 484.3 318.2 522.0 4.9
Zrl9-IAR 335.3 489.4 336.0 525.8 5.0
Zr19-2AR 308.5 458.9 309.1 496.7 5.1
Zr24-2ARi 314.3 445.3 315.0 490.9 8.0
Zr24-1AR 295.6 441.6 296.2 489.3 9.0
Zr34-1AR 281.2 430.9 281.8 487.3 9.1
Zr20-1AR 316.6 496.2 317.2 553.3 9.2

AS ROLLED--ANNEALED 1 HR AT 300 C
Zr34-2AR 310-3 646 252.9 476.4 12.2

AS ROLLED--ANNEALED 1 HR 15 MIN. AT 300 C
Zr34-3AIi 203.0 407.8 203.3 520.9 12.2 - "

AL- 10MG-0. IZR
(SOLUTICN TREATED AT 490 C)

AS ROLLED:

EILLET S S uyu %STRAIN

NUMBER y MEASURED"

('4Pa) (iPa) (MPa) (MPa) (%)

Zr26-1AR 331.0 507.3 331.6 552.4 4.6
Zr28-2AR 335.9 475.2 336.5 511.7 5.6
Zr28-1AR 320.7 474.5 321.3 522.6 7.0
Zr28-3AR 341.9 438.6 342.6 462.0 7.4
Zr25-1AR 312.0 448.5 312.6 492.4 9.4
Zr30-2AR 273.5 436.8 274.0 490.1 9.8
7r30-1AR 286.3 433.3 286.9 488.5 10.5

AS ROLLED--ANNEALED 1 HR AT 300 C
Zr25-2AR 261.4 41b.3 261.9 481.1 12.2

AS ROLLED--ANNEALED 1 HR 15 MIN. AT 300 C
Zr25-3AR 256.5 421.4 257.0 496.2 14.0
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by Berthold [Ref. 22]. they are most likely formed above

660 C by reaction in the liquid.

3. Ambient Temperature jechanical Pro2pert£_ies d-

The results of the ambient temperature tensile

testing on the specimens given simulated superplastic

forming are presented in Table IX

The data illustrates attractive properties for this alloy.

First, it is superplasticcally deformable to 200 percent

strain at 1.67X10-2 S-1 strain rate ( 2%/second) The i

ambient temperature yield strength after simulated super-

plastic forming, about 260 MPa (38 KSI), is below that of

the as-rolled conaition but comparable to that of the

annealed condition of this alloy and substantially higher

than the strength of commercial Al-Mg alloys. This alloy/

heat treatment combination has lower yield strengths (260

MPa vs 300 or 420 MPa) than Supral 100 or Supral 210 respec-

tively as given by Barnes (Ref. 27: p. 7] but has equal

ultimate strengths and nearly double (14.5 % vs 8 7) amnient

temperature ductility aiter warm deformation. The higher

ductilities in conjunction with the strength are very good.

As with the Zirconium-containing alloy, solution treated at

440 C, there is no discernable pattern to the scatter in the

ambient temperature ductility data. Again, optical micros-

copy does not reveal any cause for the variable ductility

either.

E. AL-IOtG-0.5MN SOLUTION TREATED AT 440 C

1. Simulated Suqer£patic jo qm__i .t 330 C

Samples of the as-rolled material were warm deformei

as specified in the test section. The innomogeneities in

deformation experienced with the Zirconium-containing alloy

were not present in the Manganese -containing alloy. Figure

4.17 shows a representative set of warm deformation speci-

mens, one for eaca strain/strain rate combination.

Figure &Mn440all in appendix B shows all warm deformed spec- ,'.

imens for this al.oy/ heat treatment combination. Warm

deformation flow stresses were consistent with those found
by Self [Ref. 20: p. 66] as are shown in Figure 4.18.
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TABLE IX

AEBIRUT TEMPERATURE TENSILE TEST RESULTS
FOR AL-1OMiG-O.1ZH SOLUTION TREATED AT '490 C

WARM DEFORMED AT 300 C:

BILLET STRAIN STRAIN SuSRI
NUMBER RATE NON LOCAL Sy MESRIN

(S-1)(() (HP a) (HPa) (MPa) (EPa) (5)

Zr28-2B 10-3 155 100 261.0 281.0 261.5 283.4 1.4
Zr28-2A 10-3 155 100 247.7 356.3 248.2 368.7 1.9
Zr29-2B 10-3 150 100 268.5- 428.6 241.3 459.5 4.0
Zr25-2 10-3 100 100 276.9 390.1 277.4 409.2 5.2
Zr26-2 10-3 100 100 232.0 404.0 232.5 440.9 7.0

Zr3l-lB 10-3 170 200 259.3 279.6 259.9 282.6 0.8
Zr26-1A 10-3 200 200 273.5 428.8 273.9 492.3 9.8
Zr26-lB 10-3 200 200 243.3 443.1 243.9 526.2 13.9
Zr29-2A 10-3 150 225 254.3 454.7 254.8 511.5 14.5
Zr3l-JA 10-3 170 300 250.6 283.5 251.1 288.8 1..8

Zr25-1 10-2 100 100 271.5 303.9 272.0 306.3 0.7
Zr29-1 10-2 100 100 280.4 327.1 281.0 332.3 1.2
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The m value taken from the slope of the curve in Figure 4.18%

is about 0.5. This is consistent with the a values found for

this alloy by botai Mills and Self (Refs. 14,20: pp. 45, 66].

It is also in the range of 0.3 to 0.7 Specified by Sherby

and Wadsworth [Ref. 5: p.363] as being a normal m value for

superpi asti city.

2. As-rolled and As-rolled Plus Anneal

As-rolled samples were tested for comparison with

previous work by Mills [Ref. 14]. Strain rate for this work

was 8.3X10-4 S-1. Table X shows comparison of the ambient

temperature mechanical test results between this work and

previous work.

TABLE X

DJATA FOR AS-ROLLED AL-1OIIG-0.5MN
TESTED AT AMBIENT TEMPERATURE

AL- 1ONG-0. SuN

(SOLW±'ICN TREATED AT 440 C)

AS ROLLED:

BILLET S S %SRI
NUMBER MEAySRIN

(M ra) (M~Pa) (M Pa) (iP a)()

414 3.0
1* *** 478 3.2

1I ** *** 503 3.2
17-2AR 299.3 470.4 300.0 496.7 2.8

Mb3R 258.8 481.7 259.3 49,.9 3.4
MiN2-3AR 309. 4 410.7 310.1 514.4 4.0
MN2-2AR 246.7 482.2 297.3 515.5 4.2

1N2-1AR 340.6 504.4 .341.3 538.2 5.1
LiN7-1AR 375.8 522.0 376.6 552.8 5.8

AS ROLLED--ANNEALED I HR AT 300 C
MN6-1AR 325.2 446.2 325.8 484.2 7.4 -
AS ROLL E)--ANNEALED I Hi 1tINi. AT 300uLC
MNb-2AR 275.3 4b2.7 275.9 556.2 14.4

*data not available
(1) MillIs p. 47. Three strai n rates (S-1) : i. o f,10- (a),

5.6XIG-3 (b) arnd 5. 6X10-2 (C).
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3. Aakent Tempertu J.echa l P.r.p.r_.Le.

The results of mechanical testing of the previously *-, ..

warm deformed material are presented in Table XI

SL'

TABLE XI

DATA FOR AMBIENT TEMPERATURE MECHANICAL TESTS
OF PREVIOUSLY WARM DEFORMED Al-IONG-0.51MN

(SOLUTICN TREATED AT 440 C)

WARM DEFORMED AT 300 C

BILLET STRAIN STRAIN S Su  cy d % STRAIN
NUMBER RATE NON LOCAL Y 5EASURED

(s- 1) () () (HPa) (MPa) (NPa) (MPa) (%)

MN2-2 10-3 100 100 296.8 317.5 297.4 320.3 0.4
MN2-2A 10-3 100 100 293.3 422.7 293.9 450.3 4.1 , .
MN2-2B 10-3 100 100 289.2 412.2 289.8 436.9 4.5

MN5-2B 10-3 200 200 304.1 428.9 304.7 454.7 3.1
NN6-2B 10-3 200 200 317.7 445.8 318.3 498.2 6.2 :b

MN1-1A 10-3 200 200 257.3 446.7 257.7 497.2 7.6
MNI-IB 10-3 200 200 244.7 434.5 245.4 478.0 8.2 -'s
MN6-2A 10-3 200 200 319.6 468.3 320.3 518.7 9.0 **-.-=

MN5-2A 10-3 200 200 317.4 459.8 318.1 524.0 9.5 Z-'-'

MN7-1 10-2 100 100 271.9 421.6 272.4 '447.3 3.7
MN4-1 10-2 100 100 30o.0 442.0 306.6 472.9 4.6
MN3-1 10-2 100 100 253.4 434.4 253.9 465.4 5.1

Yield and ultimate strengths do not show any appreciable

decrease with the amount of prior simulated superpiastic

forming. The 290 MPa (42 KSI) in conjunction with the

maximum ductilities obtained are a very good combination, in

fact they are better than those for the zirconium-containing

alloy. The problem of wide variability in room temperature

ductility after simulated superplastic forming observed with

the Zirconium-containing alloy were also observed in this

alloy. A nolable example are specimens Mn5-2B and Mn5-2A,

the least and most ductile results in the 200% nominal

strain secticn. These two specimens were remachined from the

same warm defcrmation specimen. Photomicrographs, Figures

4.19 and 4.20, shown no onvious differences between these
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two specimens. In fact the fracture surface of the less

ductile sample has larger shear lips than the more ductile

sample, Figure 4.19

Several of the more ductile, ambient-temperature

specimens had load versus elongation curves more character-

istic of mild steels than Aluminum. Figure 4.21 is a copy of

a typical one of these curves, showing an appreciable luders

strain and finally a strain hardening region. The serations

throughout the curve were discussed in the background

section and are likely due to the Magnesium in solid solu-

tion interacting with moving dislocations. The Luders

straining would be indicative of an unlocking of disloca-

tions from solute atmospheres.

4. Optical Microscopy

Optical Microscopy was performed on this alloy to

help determine the cause of the variability in the mechan-

ical test results, particularly in the ambient temperature

ductility oi the previously warm deformed material. As shown
earlier in Figures 4.19 and 4.20, optical microscopy L_

provided no obvious cause for the variability in room

tern pera ture ductility.

F. AL-106G-0.551 SOLUTION TREATED AT 490 C
1. Simulated Sj_ erplastic o a 300 .

Figure 4.22 shows representative warm deformation

specimens for each strain/strain rate combination applied to

this alloy.

The notable feature of this alloy and solution treatment

temperature combination was the uniformity of deformation cf
the gage section. Even at simulated superplastic forming

strains of 200 W at 1.67X10-2 S-1. strain rate, gage section

deformation was uniform, more so than any other alloy/TMP

combination examined. Figure 4.23 shows all warm deformed

specimens in this test group.

Figure 4.18 A comparison of the flow stresses at 300

C for this work, at both 490 C and 440 C solution treating

64 V
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W 76-C- .

(a)

I-k

11 7

(b

Figure 4. 19 Al1-10M1g-0.5Mn Warm Deformed to 200% Strain

Room Temperature Ductility 9.5% (a) and 1.7% (b) Barkers etch 1101).
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0i' -----

Figure 4.21 Instron Produced Load vs El2ongation Chart

for A1-1QMg-0.5ffn Specimen Showing Large Luders Section-

temperatures, arnd aata Zrom l~ill's [Ref. 14: p. 39] previous

wcrrz on tais alloy ,Solution tredted aL 440 C. Th~is

comparison shows no apparent efrect of soiution treating

0temperature on flow stresses for this ailoy in the strair.

rate range tested. The slope of the line segments from t~iis

wor'( are about ti e same as mills' worK suggesting a r.

'nmlvalaE Of 0.4 to ).5 for this alloy.

02. A.S-rclled and As-rolled Plus Anneal

AS-rolled and as-rolied plus annealed samples were

tested in tension a t amt ien t ter.pe ra ture. lahoie XIT gives

the mecnaniczal test resuiLts and provides a comparisor wit.1

the results ci the 44(j C sciution treated materia±l. h-
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A[10I'g05 M

AS ROLLED (UNTESTED)

Figure 4.22 Al-lOig-0.59n Solution Treated at 490 C

Warm Deformed at 300 C.
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results are similar to the 440 C solution treatment, but

have slightly better ambient temperature ductilities both

as- rolled and after a 75 minute anneal at 300 C.

TABLE XII

AMBIENT TEMPERATURE TEST DATA FOR
AL-1OHG-0.5RV SOLUTION TREATED AT 490 C

(SOLUTICN TREATED AT 490 C)

AS ROLLED:
BILLET# S S u y du  % STRAINY ASURED(MPa) (MPa) (MPa) (MP a)()
MN16-3AB 332.1 485.1 332.8 504.0 2.9

MN14-1AR 259.7 467.4 260.2 441.8 3.4
MN16-1AR 338.3 507.3 388.9 541.3 3.5
MN13-1AR 298.2 492.8 298.8 519.8 4.3
MN6-2AR 331.4 513.3 334.1 551.9 4.7
MN11-2AR 271.6 502.5 272.1 546.7 5.7

AS ROLLED--ANNEALED I HR 15 MIN. AT 300 C
MN11-3AR 291.9 456.8 292.6 531.7 12.6

(SOLUTICN TREATED AT 440 C)

AS ROLLED:
BILLET S u y u STRAIN
NUMBER Y MEASURED

(MPa) (MPa) (MPa) (MPa) (%)

MN7-2AR 299.3 470.4 300.0 496.7 2.8
MN6-3AR 258.8 481.7 259.3 495.9 3.4
MN2-3AR 309.4 410.7 310.1 514.4 4.0
MN2-2AR 246.7 482.2 297.3 515.5 4.2
MN2-1AR 340.6 504.4 341.3 538.2 5.1 "
MN7-1AR 375.8 522.0 376.6 552.8 5.8

AS ROLLED--ANNEALED 1 HR AT 300 C
\1N6-1AR 325.2 446.2 325.8 484.2 7.4

AS ROLLED--ANNEALED 1 HR 15 MIN. AT 300 C
MN6-2AR 275.3 462.7 275.9 556.2 14.4

3. Ambient Temrerature gehanical Proerties

Results of ambient temperature mechanical testing oL

previously warm detormed samples are presented in Table XIII

The 315 APa (45 KSI) yield strength and 515 MPA (75 KSI)

ultimate strengths in conjunction with tne niyher ductili-

ties are very attractive. Almost all results for material

with 200% prior simulated superplastic forming were very
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TABLE X11I , .% .W.

AMBIENT TEMPERATURE MECHANICAL TESTS FOR
AL-IONG-0.5aN AFTER WARN DEFORMATION AT 300 C

'!y .

(SOLUTICN TREATED AT 490 C)

WARM DEFORMED AT 300 C:

BILLET STRAIN STRAIN Sy S dii % STRAIN
NUMBER RATE NOM LOCAL IEASURED '-

(S-) (%) (%) (MPa) (MPa) (MPa) (MPa) (%)

MN14-2 10-3 100 100 296.0 339.0 296.6 344.4 1.211N13-2 10-~ 100 100 263.2 334.8 263.7 343.0 2.5

MN11-1 10-3 100 200 299.6 426.7 300.2 455.2 3.82
MN14-1A 10-3 200 200 318.0 460.4 318.2 516.4 8.00
MN14-1B 10-3 200 200 315.7 457.1 316.3 516.2 8.75
1N16-2B 10-3 200 200 317.6 455.5 318.3 512.2 8.84
MN11-2A 10-3 200 200 323.1 454.7 323.3 512.6 9.14
MN16-2A 10-3 200 200 324.3 457.1 324.5 513.1 9.63
MNN1-2B 10-3 200 200 299.1 453.4 303.2 522.8 10.64

MN13-1 10-2 100 100 304.6 347.9 305.2 352.7 0.90
MN15-1 10-2 100 100 286.7 434.9 287.2 468.6 4.41
MN17-1 10-2 100 100 297.5 437.1 298.1 466.5 4,.49

good. Barnes (Ref. 27: p. 7] lists the room temperature

properties of a number of current commercial high strength

superpiastic Aluminum alloys. Only one, SP7475, is listed

with a room temperature ductility after simulated super-

plastic forming greater than 8 %. As with the three previous
alloy/solution treatment temperature combinations presented,

there is variability in the room temperature ductilities of

specimens with the same prior thermomechanicai history. The

yield and ultimate strengths show little degradation as

result cf pricr simulated superplastic forming. As with the

Manganese containing alloy solution treated at 440 C, a

number of specimens had room temperature load versus elonga-

tion charts with appreciable Luders sections before strain

hardening. Comparison of the data in Tables XI and XIII show

equivalent strengths at all conditions for both solution

treatments. 7he 490 C treatment has slightly better average

room temperature ductilities after 200 % simulated super-

plastic forming but is not as ductile after 100 ,r warm

deformation at either strain rate. .-.
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Optical microscopy performed cn this alloy/solution

treatment combination again did not provide any conclusive

explana tion for the variability in ambient temperature

ductility observed. Figure 4.2, which compares coth solution 7%

treating temperatures shows no apparent efrect of the higher ZA

solution treatinq temperature. L

G. AL-10MG-0.4CU SOLUTION TREATED AT 425 C

1. Simulated Superlastic FormI a 300 2 C

Figure 4.24 shows a representative set of warm

deformed specimens of t.,is alloy, on# at c, -train/strin

rate combination.

1his alloy deforms very uniformly at 1.67X10-  S-L even to

2.0 % strain rut, begins Lc snow nonuni-orm Jeformarion at

20O i strain at 1.67X10-2 5- strain rate.

TABLE XIII

AMEIENT TEMPERATURE SECHINICAL TESTS FOR
AL-1;JMG-0.51i AFTEh iARM DEFORMATION AT 300 C

(SOLUT-CN TREATEL AT 490 0)

wari Jd.me& a Q C; 7

--TLLT L T :TAIN S7&AIN Sy Su du T ST,;IN
NU'ISER LATE hO6M LOCAL YEA:(JL ED

(S-1) M (Mpa) (M P a) ("P a) (M1Pa) ().- '

MN14-2 10-3 130 100 296.0 339.0 296.6 344.4 1.2
MN13-2 10-3 100 100 2'3. 2 334.8 2-3.7 j43.0 -.5

o111-1 10-3 1o .0 ,99.6 426.7 300.2 i455.2 3.82
MN1 4 -1A 10-3 200 0 31o.0 4r,0.4 316.2 516.4 .00
0 ;14-1B 10-3 2)a JO0 315.7 457.1 jit.3 51t.2 &.75

kI N1 o-2B 10-3 ,j O O j17.6 455.5 J1-.3 ;,12.2 c.84
N1 1-zA 10-3 2,0 230 3-A3. 1 454.7 3,. .3 51-.6 V. 14

MNlo-2A 10-3 2)0 2U0 .14.3 457.1 3z4.5 513.1 v,.b3
MN1 1-2B 10-3 230 2.,0 Q9. 1 453.14 30,.2 522.8 1J.--

MN13-1 10-2 100 130 304.b 347.9 305.2 352.7 V,.90
MN15-1 1j- 2 130 100 t6.,.7 434.9 -c7.2 4b .t . .. b 41
mi17-1 10-2 130 IJO :-17.5 437.1 2-jS.1 4,tt.5 .. 49
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- . .. -- ~ FA7-r & -- -' . 4% Cuw-w~ n

(SOLTIONTREAED 46 C

DEFORED AT300

c 4.XO

100%

Figure 4.24 A1-103g-0.'4Cu Solation Treated at '425 C

* Warm Deformed at 300 C.4
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Figure 4.25 compares the flow stresses for this- ._... I

research with those obtained by Self (Ref. 20: p. 40] for

this same alloy solution treated at 440 C. The flow stress

values are consistent between both sets of data, '

with stress level increasing with strain rate as

predicted by eguation 2.4. The strain rate sensitivity

coefficient, m, taken from the slope of these log-log plots

is O.x. This is consistent with previous work at NPS and is *..*A .. ,

in the 0.3 to 0.7 range usually observed for superplas-
ticity. In Self's work [Ref. 20: p. 50] a strain of 157 %

at 1.39X10-2 S-1 strain rate before fracture was obtained.

In this work , two specimens , shown in Figure 4.26 (b),

were each strained to 200 % at 1.67XI0- S - strain rate..

At that point simulated superplastic forming was stopped to
allow remachining ot ambient temperature tensile test speci-

mens from the warm deformed specimens. Although they were

both beginning to deform nonuniformly, neither was near

fracture. It has not been determined if this was due to the

reduction in solution treating temperature or tne larger

cross section of the simulated superplastic forming speciomens

used in this work.
2. A rolle and As-rolled ilia Anneal

As-rolled and rolled plus annealed specimens were
tested in tension at room temperature at 8.3X10-4 S-1 strain
rate. Table XIV presents the results of the above mechan-

ical testing along with comparative data from Self

0 [fef. 20]. The as-rolled data from this research has higher

ultimate strengths with lower ductilities than Self's work.

The as-rolled material, statically annealed for 75 minutes,

gives the same results as Self's as-rolled data. There is no

previous data available for statically annealed as-rolled

strength and ductility for this alloy.
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TABLE 11V

AMBIENT TENPERATURE NECHANICAL TEST DATA - ,

FOR AS-ROLLED AL-1OBG-O.4C0

AL-i1 OIIG-0. 4 CU 4
(SOLUTION TREITED AT 425 C)

AS ROLLED:

BILLET S Y SU 0 ,, ou % STRAIN
NUMBER MEASURED

(HPa) (MPa) (fiPa) (HPa)(%

* 456.7 10.8
1* D450.5 10.9

Cl A 337.1 484.6 337.8 519.3 4.8
Cul8-1AR 328.8 458.7 329.4 483.4 5.1
Cul9-1AR 309.5 452.2 310.1 481.4 5.2
Cul6-1AR 352.7 503.7 353.4 540.2 6.0
Cul8-2AR 315.0 456.0 312.2 483.8 6.3
Cul8-3AR 310.8 461.5 311.4 496.8 6.4

AS ROLLED--ANNEALED 1 HR 15 HIMH. AT 300 C
Cu16-2AR 248.8 401.4 244.3 459.6 10.7

*data not available
Self, p. 50. TIwo strain rates (S-I 1.39X103 a

and 1.39X10-2.

3. Ambient Temperature Mechanical Proerties

Results of the amb~ient temperature mechanical

testing on previously warm deformed samples are presented

in Table XV * The yield and ultimate strengths at ambient

temperature after warm forming show about a 15 decrease

irom the as-rolled values presented in Table XIV This is

similar to the resalts for the Zirconium- containing alloy

but in contrast to the Manganese-containing alloy whicn

showed no significant loss of yield or ultimate strength

after with warm deformation.

The ductilities of the specimens at ambient tempera-

ture aiter simulated superplastic forming to 200 % strain at

1.67X10-3 S-1 strain rate are equivalent to several other

current superplastic Aluminum alloys (Ref. 27], The yield

strengths and ductilities for the other three strains and

strain rates are at or below other ccmmercial superplastic

alloys.
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TABLE XT
AMBIENT TEMPERATIJE MECHANICAL TEST DATA

FOR AL-1OG-0.4CU AFTER SIMULATED SOPERPLASTIC FORKING

AL- 1 0MG-0. 4 CU V.%
(SOLUTICN TREATED AT 425 C)

WARM DEFORMED AT 300 C:

BILLET STRAIN STRAIN S S 0 0 % STRAIN
NUMBER RATE NOM LOCAL Y MEASURED

(S-1) ( () (MfPa) (M P a) (MIPa) (MPa) ([ j: .

Cu13-2 10-3 100 100 225.1 313.9 225.5 322.6 1.9
Cul4-1 10-3 100 100 275.2 398.0 275.7 431.9 6.1

Cul4-2A 10-3 200 300 273.0 290.4 273.6 293.7 1.2
Cu19-1A 10-3 200 200 267.2 298.4 262.8 303.0 1.9
Cu19-1B 10-3 200 200 341.0 3.0
Cul 4-2B 10-3 200 150 269.5 393.5 270.0 420.0 4.7
Cu19-2B 10-3 200 200 271.1 389.2 271.6 415.b 5.0
Cu19-2A 10-3 200 250 252.8 394.3 253.3 425.1 5.7

Cu17-1 10-2 100 100 274.0 404.7 274.b 431.7 4.2
Cu13-1 10-2 100 100 233.1 411.8 233.5 443.2 4.8

Cu17-2B 10-2 200 200 286.5 435.8 287.0 483.8 6.7
Cu17-2A 10-2 200 200 295.9 450.2 296.5 507.6 8.7

4. Optical Microscopy

As with the other four processing condition/alloy

combinations examined in this work, optical microscopy did

not provide any conclusive evidence of the cause for the

variability in room temperature ductility observed. Figures

4.27 and 4. 28 comparing specimens of this alloy warm

deformed to 100 % at 1.67X10-3 S-1 strain rate are good

examples of this. One specimen had 6.7 % ambient temperature

ductility , the other 1.9% ductility yet LO apparent differ-

ence is evident at this level of magnification.

One of the specimens warm deformed to 100 T strain

at 1.07X10-3 S-1 strain rate then tensile tested at room

temperature had a second crack about 12 mm away from the

fracture surface. Figure 4. 29 shows this crack, perpendic-

ular to the tensile axis and covering about 50 % of tue

thickness of the specimen. Figures 4.30 are higher mdgnifi-

cation photo micrcgraphs of the tips of the crack. The dar-.
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~~4.1

(b)

Figure 4.27 Al- 10ag-O . 4Cu Warm Deformed to 100 %Strain

Room Temp Ductility 6.1 % (A) and 1.9 %(b) .
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(b)
Figure 4.28 AI10O9-O.L4CU Warm Deformed to 100 %Strain

Ductility 6. 1 % (a) and 1.9 1(b) Keliers etch, X800. -.
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etching artifacts that the crack seems to go through did not

appear as voids in the sample before etching, but do etch

preferentially. Spectrum analysis was not available to

determine what elements were present at these sites. This

was the only specimen examined in this work which had such a

crack.
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Figure 4.30 End s of Second Cracx in,
* A.l-IQfg-0.4Cu Specimen. Kellers etch, X800.
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V. OQICLjSONS A ND _4EQ"1OjM

A. CONCLUSIONS
1. A successful modification of the test equipment was -..-

made to simulate superplastic forming , with sufficient

sample size to permit subsequent evaluation of the ambient

temperature mechanical properties after warm deformation.

2. Material was processed for all three alloys. This

processing included material to evaluate the effect of solu-

tion treating temperature in the Al-l0Mg-0.]Zr and

Al-10mg-0.5Mn alloys.

3. In simulation of superplastic forming, attained 200 %

deformation at 1.7X10 - 2 S-1 ( 2 % / second) for all alloys

and processing conditions.

4. Following superplastic forming, the yield strenths

were 300 MPa (40 KSI) to 325 MPA (45 KSI)for the

Al-10iig-0.5b1n alloy, 230 MPa (35 KSI) to 300 iPa (40 KSI) ."=

for the AI-l1llg-0.1Zr alloy and 250 MPa (35 KSI) to 300 MPa

(40 KSI) ior the Al-10Mg-0.4Cu alloy.

5. Ductilities varied widely with little apparent corre-

lation to prior thermomechanical processing. Ambient temper-

ature ductilities ater simulated superplastic forming were

1.7 to 9.8 percent for the Al-10Mg-0.5bn alloy, 1.0 to 14.2

percent for the Al-10Mg-0.lZr alloy and 0.7 to 8.8 for the

Al-l1Lg-0.4Cu alloy.

6. The yield strength and ambient temperature ductility

combinations for the more ductile samples in all three

alloys are very good in comparison to other superplastic

alloys.

7. Optical metallography does not reveal the cause for
the variation in ductilities but does show that little cavi-

tation occurs auring warm deformation of these alloys.

Metallograph y does show that the fracture path does not

follow te constituent ZrAl nAl or Cu particles.. -
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B. RECOMMENDATIONS

1. More detailed metallography (transmission electron

microscopy) is needed to determine the cause of the variability

in room temperature ductility.

2. Continue evaluation of microstructure evolution

durinfg superplastic flow.

3. Continue evaluation of the properties of structures >11
produced during superplastic forming.
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