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response. They were then deformed at 300 C to strains of
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and saamples remachined for ambient temperature testing.
Results indicate yield strengths of about 276 #dpa (40 KSI)
are attainable with ductility varying from about 1 to 14
percent elongation at fracture. UOltimate strengtas corre-
spondingly vary up to about 517 ¥Pa (75 KSI). ©Origin of the
variability in ductility is coasidered.
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I. INTRODUCTION

In recent years there has been considerable research on
superplastic alloys. Superplastic alloys in general exaibit
elongations tc failure of 200% or aore 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 forn
complex shapes in one piece; {(3) elimination of fasteners

and welds in high strength components with complicated
geometries; (4) eaployment of non heat-treatable alioys by
elimination of post forming welds. Research at tae Naval
Postgraduate School (NPS) has concentrated on high-Magnesiunm
Aluminum-Magnesium alloys. The goal of this researck is to
determine which of these high-strength, 1light-weight Al-HNg
alloys were suitable for aircraft, amissile and spacecrait
ccnstruction.

Previous research at NPS on high-Mg, Al-Mg alloys has
developed a thermomechanical process (TMP) to achieve super-
Flastic response 1in a number orf these alloys [Refs. 1,2].
Others at ¥PS have irvestigated the mechanical properties of
these same alloys while in the superplastic rejime.

The purpcse of this research 1is to iavestigate the
retained ambient temperature properties of three high-ilg,
dl-1q alloys after simulated superplastic rforminge. The
choice of alloys from among those previously investigated at
NPS was made on the basis of those showing the rcest super-
plastic ductilities at a warm forming teamperature of 300 C
and strain rates of 10—-3 S-t to 10—2 S—1, The higher strain
rates for superpiastic forming were chosen Wita an eye
toward potential application of tnese alloys; it is jener-
ally recognized that the relatively low strain rates for

superplastic flow iL many 21loys restrict theirl userfulness.

9
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Superplastic deformation to manufacture certain components
is currently being used by a number of companies including
Pratt and Whitney [Ref. 3] and Rockwell International
[Ref. 4]. Since 1981 British Alcan Aluainum has had one
subsadiary, Superrorm Metals Limited, focusing only on
superplastic forming of Aluminum alloys.

This thesis presents the data obtained from the micros-
tructural examination conducted using optical microscopy to

assist in the evaluation of the test results as well as tie

results from the mechanical testing of the as rolled and
superplastically deformed Aluminum-Magnesium alloys. EKeview .ot
of this work and new gquestions are posed for subsegquent

investigation.
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II. BACKGROUND

A. ALUBNINOM-MAGNESIUM ALLOYS

Aluminum alloys offer several advantages when compared
to steels and Ti-alloys, such as low density, good ductility
and good fracture toughaess. Higher strength aluminum
alloys get their increased strength mainly from solid solu-
tion and precipitation strengthening. The formation of tke
secona phase precipitate retards dislocation motion and
grain growtih. The aluminum-mpagnesium 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 aluminua alloys. The strengta
of Al-pg allcys can be improved through warm working at a
temperature Lelow the Mg-solvus but above 200 C. Wara
working produces a fine dispersion of tane Dpeta phase
(ugSAlg), and increases the strength througn a combination
of dislocation substructure, dispersion and solid solution
strengtheniange.

Solid solution strengthening is due to retardation of
dislocation moticn due to solute interaction with the stress
fields of the dislocation. Dislocation substructures
present parriers to dislocaticn motion and hence provide a
form of strain hardening. Dispersion strengthening refers to
the plockage of dislocation motion by the presence of the

dispersed particles.

B. SUPERPLASTIC BEHAVIOR

The pnenoteunon of superplasticity is considered to be
the ability or a material to deform to high tensile elonga-
tions (usuaily 1in excess of 200%). The generally agreed
requirements tor acaieving superplastic response are: 1)

eievated teuperatures in the range of 0.5 to 0.7 Tm; 2) a

11
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second phase with strength comparable to the parent matrix;
3) a fine, equiaxed 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 orn
superplastic flow has been shown by Sherby and Wadsworta
[{Ref. 5] to be of the form:

6 = (0D £(6) (eqn 2.1)
where é is the strain rate, p is the grain size exponent, d
is the grain size and Deffis the effective diffusion coeffi-
cient. The above eguation shows that the o stress reguired
for deformation will have to increase for a given strain
rate 1f grain growth occurxs during superplaétic f£low. This
grain growth during deformation would, in effect, result irn
®strain hardening®. Increased grain size results in largyer
diffusion distances; this causes the Jdirfusion flux to
decrease for a given streagth and tne result is an appar-
ently stronger, more creep-resistant material.

Two explanations of superplastic behavior freguently
presented are: Nabarro-Herring diffusion cree; [Ref. 6] and
(2) Coopie diffusion creep [Ref. 7). In Naparro—~Herring;
creep, lattice diffusion is the rate ccntrolling process. In

eguation 2.1 Eéff = DL and the grain size exponent p=z. In
Coble <creep, grain boundary diffusion is the rate control-
ling precess and in 2.1 D ;. = Dg bdi-! and p=3. Althougkh S

neither of these processes rully describe superplastic ji"}j
benavior, experimental observation ofl%ffand p have been l‘;x'
made which support these models [Ref. 5] [ q

The above mnodels predict strain rates far oelow those =
actually ooserved. Ip addation they predict a lengthening

of the grains in tne direction of @major tensile strairns
which is in conflict with the experimental observation of

12
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superplastically aeformed  materials. Ashuy ang Verrall ﬁ?ﬁ:

. L. . . . AN

[Bef. 8} have proposed a creep aodeli pased ou diffusional NN

A

effects WLiCh 1S LOre consistent wita thne striin rates asnd . A

v post-jeformaticn wmicrostructure experimeataily observed. Y
* N
. . - . N
5 Their model 1s expressed as: N
A DA AN
8 -'\\'_..:_.‘:
': e R '.‘w‘.‘-"‘
€ = (98031 s/kTA2) (6-0.72M/d) (1+ (P§ Lpsddy) (eqn 2.2) e

where " is tae grain poundary surface enerjy, £ 1is the ¢raia

I
« o

boundary thickness, Dy is the bouncary diffusivity, Dy is
the volume diffusavity, 6 is the aprlied =stress, «k 1s

Boltzmarn's constarnt, T is the absolute tenperature, r is the

Burger's vector, ¢ is tone steady state creep rate ari 3 is
tne grain size. Figure z. 1 snpows an illustration Zor tie
basis of tne Ashpy-Verrall model. This woiel shows i1ndi-
vidual grains toving and copanginj tneir relative positions

by gralirn poundary sliding with diffusional accoano&atiol.

Figure 2.1 Ashby-Verrall Grain Boubndary Sliding Model.
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Several alternate models which focus on grain boundary
sliding with slifp accommodation have been proposed. In addi-
tion, at high stresses, it 1is generally accepted that the
deformation mcde is that of dislocation creep [Ref. 9].

The high temperatures, 0.5 to 0.7 Im (where Tm = melting
point) used during superplastic forming require a material
which has a microstructure which is resistaant to grain
growth. This requires some form of grain boundary pinaing.
The Zener-Mclean relationship,

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

wvhere d is the distance betveen 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 1I#dP and subsequent superplastic forming. If they do
not deform they will cause cavities to form in the materijal.

Stoweil [Bef. 10] notes that cavitation may result froa 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 eguation. Hedworth
and Stowell state the relation as: [Ref. 11]

7 m
g =K& (egqn 2.4)
wnere o0 1s the flow stress, K is a microstructure ana
temperature dependent material coanstart, is the strain rate
and m 1s the strain rate sensitivity coefricient. The coef-

ticlent 1s defired as

o= (d (1n6) /d(1lné)) (eqn 2.5)
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apnd is usually experimentally determined from a log-log plot

Pl ()
CIR IR IR e I

of stress versus strain rate for the material of concern. Eﬁ?
. Superplastic materials typically have m values of 0.3 to
“ 0.7.  1The amodels above (Nabarro-Herring, Coble) predict a =
1; Ashby-Verrall also suggest ] tends toward 1.
N . Experimental observation is a < 1, usually nearer 0.5.

4

Hence, purely diffusional models are not adequate. Also, as
- McNelley- Lee-Mills (Ref. 12] and Lee-McNelley-Stengel
{Bef. 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 cbserved continuous, dynamic recrystallization f;f:
N with grain growth in these alloys during warm (300 C) defor- iﬁﬂﬁ
mation. With respect to equation 2.1 this grain growta would ﬁ;g:
result in strain hardening of the material. After super- i::j
<
: plastic forming, these alloys bhave a fine grain/subgrain :fh:
- structure with a dispersion of precipitate particles. PO
- SN
- C. RETAINED AMBIENT TENPERATURE PROPERTIES pENY
i_ The high yield strengths, about 300 MPa, of these alloys g
B are attributable to several. factors: solid solution oy
E strengthening; grain size refinement and precipitatiom harad-

ening. In aluminum magnesium alloys the major strengthening
» is due to the magnesium in solid solution. Labusch
. [Ref. 16: p. 1 ] gives the yield stress due to soliid
solution hardening as:

v, % :
g Tyb = (Frak 2% /1" (egn 2.6) T

; Where g, is the yield stress, b is the Burger's vector, b, ;i;‘
is the retarding force on dislocations due to the solute R
interaction c is the concentration of the solutes, Z is the
distarce from the slip plane to the solute, « 1s a numer-
%I ical factor on the order of unity acd T is the temnsion in
. the dislocation line. #eyers and Chawla [kef. 26: p. 399]

also cite the solute atoms as the cause for serrated stress

2 15 N




- strain curves. The serrations in stress-strain curves are
manifestations of the Portevin~-Le Chatelier effect. This
arrises whenthe soiute atoms are able to diffuse about as
s fast as the displacement speed of the dislocations (imposed
by the applied strain rate) and therefore are able to lock

v v .-
0
D
.'
0

A
4
AL
5

. up the dislocations. Eventually, with increasing stress, the

)

dislocations Ltreak free causing a drop in the stress-strain

(]

curve. This process repeats 1itself causing tne serrations

i

in the stress-~strain curve.

il

The small grain size required for good superplasticity R

may contribute to the ambient temperature strength. The 44¥;

Hall-Petch relation iilx

! 6 = 6,+ KAD) (eqn 2.7) L
-— A{.I

R W

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

frictional stress required to move dislocations and K is a

material coastant. The Hall-Petch model 1is based on the

}l Filing up of dislocations against obstaclies such as grain

boundaries. 1Inis 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 touyhLess.
The effect can be expressed by the relation:

K = (a/76) (egqn 2.38)

where ¢ is the applied streés, a is the length of a preex-

tf isting crack and K is the fracture toughaess expressed -
in M . The size of the voids formed may be large enough to 3“‘2
serve as crack-like defects of length a. At highk strengtas, el
a may te sufficient to induce brittle-like fracture. :

16
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- D. ALLCYING ADDITIOMNS

- ine opening paragrapa of tLis Chapter adaresseé the
effect of tue Magnesium additich to the Aluninum. Figure .2
shows the binary al-M3 phase diagram. Of particular note is

~I
ﬁ the eutectic at 451 C. & major precipitate in all taree cf
,4 these alloys is tne bipary beta pnase, (%35alg) .
A
7.
20 40 60 i 80 At%Mg
A ' ! ! i .
\ Lg. | ‘ ‘ ' i »
N | #1200
A Lig. - Mg Al : | /
\ ? 9 Ay Lig.- Mg, Al | / o
{ . i (e ]
- Lig. + N..36% ____558% ‘ A inTs
) 800 ~ _ Liq.+Mg ‘ "
. ‘ T ~ S
‘ ! 5 /M . S
Al , ) 5 Py, re 710 K 7\ 9#800 -:-}.::::3
, 174% <34% 45 b/ b 87.3% :.:....:_':
| s98% [ 677% | sy
Mg,A'. + E ; , ) ' . | ;.l XY
: \ !

600 AI*MQEM. X\Tfl ' ’ .
f Mg Al =7 " Mg, Al | Mg Al + Mg |
- [ :

= e ,-400
L / IA . ‘ i } i : Mg\r“vz , ’ , ‘5
- i !

Al 20 40 60 80 Mg T

: wt. % Mg R
e .

- SN

e

Figure 2,2 Phase Diagram for the Aluminum-Magnesiun Systenm.

Figure 2.3 is tke partial ternary phase diagram for thne

- Al-Mg-Mn system. 4t the alloying levels in the alloys p
considered by this work, tne apparent intera@etailic pnase ST

.-‘ --\‘-

present would pe MnAl . This has been coniirmed by selected AN

- AT
X .. - . i . .I~ "]
- area diffractiorn work conductei by varg [Ref. 17) on this e
' alloy. Tae fimely dispersed particles of MuAl facilitate "“I
- 17 ,'-"Ex
. SASKN
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formation of sukgrains and hinder grain growth ir Alumipum
alloys. Manganese 1L soiutich has dlittle or mo efract ou
grain size. hecrystallization and precipitatior overlajp and
interact strongly wits the Magnesiuk addition. At teampera-
tures pelow 650 K, precipitation frecedes recrystailizatiou.
[Ref. 18] mManganese and 4agnesium bave an addaitive erfrect an

the mecnanical properties or this alloy systec.

/ ‘ , .
i : !

(MaMn), AL | |
Ma Al !
ST
Al+ /MgﬁAl' ‘%‘
- ——1t=
30 Mg.Al,

Figure 2.3 Phase Diagram for the Al-Ng-4n Systesn.

Ccpper 1S adued to aiuminum aliov¥s to 1ncreise the strenjth
of the alloy at low temperatures =Ly uweat tr2atiaent, and at
bijn terperatures tiarouygh tane L0orQatioh oI CJI2RPOUNIS Wit
Othel De€tais. COppel 1S 4 grailk rerltiel 1L AluzZigum alioys.
At the temperatures and conceatratiodons considered in tais
Lesearcna the compo ition of the 1rnterz=tailic would vre
CuMg,Al,. Figure 2.4 .s a copy O tane Al-Myg-Cu phase diagranm
taken from Mondolto [kef. 18: p. 4981,
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Figure 2.4 Partial Phase Diagram for the Al-Mg-Cu Systenm.

E. PREVIOUS ®ORK

Aluainur~-magLesiul alloys hnave teen tne subject ci
extensive investigation and study at tae Navai Postgradudate
School. frollowing earllier wdrk at Yf3. Jounson {Ref. 1],
stardardized the trermomechanical processing of tne 6-10%
aluminua ma jnesiud alloys. I. these alloys, he reported
good Jductility and @material strecgtL twice that of 5XXX
alloys. dl1s prccedure was to solution treat the material at
440 C for nine hours, aot work, anncal for one hour at 440
C, guernch, and then warm roll. Joansor usea wara rolling
tenperatures 1in tue range from 200 C to 340 C. he conciuded
that the beta phase (Al8Mg)S) contributed by dispersiou
strergthening to the aigh strength and good auctilaty 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
not effecting grain growth.

Becker [Ref. 2], combined previous work, and developed
the procedures for isothermal tensile testing at elevated
temperaturese. His testing centered around temperatures of
250 C and 300 C. His work concentrated on the Al-8Mg-0.4Cu
and Al1l-10Mg-0.54Mn alloys. Becker observed superplastic
elongations up to 400%, and concluded that the higher magne-
sium content in the 10Mg—-0.5Mn alloy stabilized grain size
and extended the range of superplastic behavior to higher
temperatures.

41lls [Ref. 141, extended Becker's work on the
Al-104g-0.5Mn alloy over a larger temperature raange and ror
additional strain rates. He found activation energies and
strain rate sensitivity coefficients consistent with those
i~ the literature. Self [Ref. 20] looked at several aluminum
magoesium ialloys including: A1-1odg-o.2nn, Al-38Mg-0.4Cu,
Al-8M3-0.4Cu-0. 5Mn, Al-8Mg, Al1l-10Mg and Al-1043g-0.4Cu. He
found the use of copper ou an egual weijJht percentage as
effective as the use of - manganese to promote superplas-
ticity. The primary benefit of m@manganese is as a grain
refiner where as Copper homogenizes tme microstructure and
has some grain refinement abpility. Stengel ([Ref. 15]
continued the work of Becker and Milis on the Al-1083-0.5Mn
alloy by using five different annealing treatments rollowing
warm roilinyj. She found that anneaiing below the roliing
temperature, at 200 C, enhanced the superplasticity. She
also concluded that recrystal.zation strengthened the
microstructure but resuited in decreased ductility.

Alcamo [Ref. 21] looked at toth Al-8Mg-0.1Zrand
Al-10Mg-0.12r alloys. After initial evaluation of the super-
plastic respcnse of bpoth alloys, he concentrated ais
research on the 10% Mg ailoye. Alcamo did extensive testing

20
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on the Al-10Mg-0.1Z2r 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 7, ¢ , £ s d and m vary
with deformation. Berthold [Ref. 22) and Hartaann [Ref. 23]
concurrently with Alcamo did extensive research on the
Al-104g-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.
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III. FXPERIMENTAL PROCEDURE

A. MATERIAL PBROCESSING

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 1low Si ard
Fe content. S% 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 5013012
measured 127 mm (5in.) in diameter by 1016 =»m (40 in.) in
length. As-received ingot 5572826 measured 152 mm (6 in.)
in diameter by 1016 mm (40 in.) in lemgth. The composition
of each alloy is listed in Table I Analysis of Ingot content
was provided ty ALCOA Technical Center [Ref. 24].

TABLE I
ALLOY COMPOSITIOM (WEIGHT PERCENT)

SEk. NUM. Mg Cu 4o ir Si Fe Ti Be
5S01300A 10.2 0.00 0.52 0.00 0.01 0.03 0.G1 0.0002
501301A 10.3  0.41 0.00 0.00 0.01 0.03 0.01 0.0002

5572826 9.89 0.00 .00 0.09 0.01 0.03 0.01 G.0002

The ingots were sectioned to produce billets of dimen-
sions 96 mm (3.75 in), X 32 mm (1.25 in), X 32 am (V.25 in).
These dimensions were selected to facilitate subsequent
processing of the billets with available equipment. The
procedure <Lor the thermomechanical processing of the
killets is sigiler to that developed by Johnson, [Ref. 1: p.
10] and refined by Becker {Ref. 2]}. Figure 3.1 is a schae-
matic diagram showing the steps in the thermomechanical
processing (TMP).

22
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| QUENCH REHEATING
200 BETWEEN
PASSES

TEMPERATURE, °C

100

PROCESSING STAGc

f1gure 3.1 Thermomechanical Processing Technigque.

The billets were solution treated for 24 hours at the
temperatures indicated in Table II .

Two solution treatment telfaratures welLe cnosen for potg
tne AlL-10Mg-0.12Zr and Al-10Mg-0.5Mn asloys to investigate
the effect of solution treatment temperature ot retaihned
gzechanical properties for pbotm of these elloys. Tae soiu-
ti0oL treatnent temperature for the Al-1UMy-0.4Cu was lowered
from 440 C, as used cy Self, [Bef. 20: p. 10] to u25 C to
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TABLE II »
SOLUTION TREATMENT TEMPERATURE

ALLOY TEMPERATURE
Al-TOAg-0.12r g
A1-10M3-0.1Zr 499 C
Al-10Mg-0.5Mn 440 C
Al1-104g3-0.54n 490 C
Al-10M3-0.4Cu 425 C

reduce the possibility of partial melting due to the close
proximity of the ternary eutectic temperature in tiais
Al-#g-Cu alloy. 1In tne rolling of this alloy (as described ;
below) intergrannular cracking, wvas encountered with some ;u,’
killets when prior soiution treating was done at 440 c. y
Reduction of the solution treatment temnperature elininated

this prcblem. ?53
The billets were then upset forged to approximately 29 {qp,

ma (1.15 in.) on platens heated to the solution treatment T

temperature, annpealed at the solution treating temperature

for one hour and themn vigorously oil quenched. This hot

working reduced the billets by approximately 70%, equivalent
to a true strain of about 1. 2. darm rollingy was then done at
300 C witnin 24 hours of upset forging, in the manner
described by [Ref. 14: p.10] Isothermal rolling was aesiredgd
so each billet was placed in the furnace for 30 minutes to
heat from room temperature to 300 C before the first rolliny
Fasse. Interrass reheating times were controlied according

to the scnedule telow:

TABLE III
REHEAT TIME--THICKNESS REDUCTION SCHEDULE

Billet thickness neaeat Time Thickness heduction
> 25 am (> 1.0 in) 10 min 1 mn/pass (.04 1in/pass)
12nm to 25ma 5.5 to 1. in 8 min 1 mm/pass i.Ou in/pass
Tma to 12mm (.3 to .5 in 6 min 1_om/pass (.04 _1ia/pass C
S5Smm to 7am (.2 to .3 in) 6 min -75am/pass &.03 in/pass) e
< 5 mm (< 0.2 in) 6 @min .50mm/pass (.02 in/pass) L
_..e
24 o
q

..........




rach piilet was rolled to a thickness of akout 3.8 ma
(.15 in) thickness. Tkis required apoudt 2¢ passes, resulting
in a final warm reductiom of approxicateiy &63%, eguivalernt
to a true strain of apout 1.3. rigure 3.2 shows on a
portion of the Al-Mg phase diagram where the not ana war:z

working were done.

600 T T r
(Al +L
(Al-Mg SOLID SOLUTION)
500
O
°
; SOLUTION
W 400t TREATING
g HOT WORKING (Al + 5 (Mgg Alg)
(. 300} -
4! WARM WORKING
o
- 200+ T
'OO I | 1 i
0 5 10 15 20

WEIGHT PERCENT Mg

Figure 3.2 Portion of the Al-Mg Phase Diagram Showing
Where Material Processing was Done.

oo



- - P ~ . oy e v L < Y
AR ANl st i PRI~ DA LA e b AL A S S e A AN - i St i e i s A p i e E Lo e LAl A ot DA A 3

2
T~ RS
" B. SPECIMEN FABRICATION ; :
53 For ths simulated superplastic warm ferming, two blanks Egé:
X were cut frob eaci rolled sueet. The plank dimensious were N
Y 146 mm (5.75 in) in lengtr py 33 mm (1.3 in) ir widtl. ' g?%
b, These were macnined to give rominal gage dimensions of 26.30 :ﬁgg
;a mp (0.800 1n) width and 50.80 nmm (;.OOO in) length. Tais ’ ;%3:
gave a gage width to lengtn ratio of 1 to 2.5. Sboulder Mkl
- curvature ror these specaibens was 6.35 am (0.25 in). TFigure g}{'
: 2

3.3 shows tnis specimer. geometrye. e

o - - 156 mm (5.75 in.)
m.mjl‘- ‘1—6.35 mm (2.5 in.) —)I -)hm;L'

- - Y !

- i 6.35 mm 20.32 mm (.800 in) 6.35 mm 0

- <! 2 mm radius ' radius 2 mm

' diam. \}k* L -i diam. .
3 nd T

A

.
[

” Figure 3.3 Superplastic Deformation Specimen Geometry.

.
N

T Elongations were crased oh a 50.8 ma (2.0 1in) gage length

q
)

scribea oL the sSpecinmens before warm deformatiore.

A

f L.
L I )

Additional gage zarks were scribed oL tne specimens at 6.35
) mm (.25 14} 1iptervals tnrougaout the yage sestion to IeasSurw
local plastic strains withino the gJgage sectioc after norminai
ﬁ; deformation cf the rull specimen. This was necessary aue to
- the inhomogenecus defortation 9f the Jage sectlion encousL-
tered when the specimens were superplastically deformed.
Following saimulated superplastic rforming amiliert temper-

v

»
.

et Mt
2

ature test blanks 7¢ mm (2.9 in) liong by 12 ma (J.5 ia)

LA

wide, were cut from tne qgage sections o the warm detformed

c:

specimens. These were Rracained to give gaygye Jdimensions of

20
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: 6.35 ne (0.250 in) width by 25.4 m3® (1.000 in) length. 1Thnis FSW
} gave a gage width to lezgth ratio of 1 to 4. 3Ine radius of ﬁ;{
. curvature at the ends of the gage section was (0.5 in. as By
-, ' specified in ASIM E-8 ror tensilé specimens. Figure 3.4 {1
N shows tnis speciden gJeometry. Due to ncn-unirorxz Jjeformation 3&%
g of the gage section in the Zirconium-containing alioy and TN
. due to the small gage section widta after 200% plastic
- stralin in some€ Specliiens, a smaller size ambient teaperature ?:?
% test specimen, 6b ma (.6 in)  1ir lerngtz aad 1tv mm (J.4 in) 'j
. in width with 5.08 w& (0.200 ia) wiath py «2.32 mm (0.800 g
] in) length gage section was used when necessary. Figure 3.5 sl
i’ cshows this sSpecimerL georctry. g;?

i
e 74 mm (2.9 in) ————> R

K oSut
-+ —*i 25.&+mm '4— : g:.:.
= 13 mm 6.35 mm AN
: 4 ) % L . o
- : ) .
12.7 mm

radius

X FiJure 3.4 Standard Room Temperature Test Specinen.

Li—66 am (2.6 in) ——

wow ¥
L]

T
P A A

5 ¥ +,20.3 mmr.

= 10 ms \ 5.08 mm .5

» T X1 —

g 12.7 mm S
radius

Figure 3.5 Small Room Temperature Test Specimen.




C. SPECIMEN TESTING

Simulated superplastic forming was done at 300 C at a
strain rate of either 1.7X10-3 S-1 or 1.7X10-2 s-1t, 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 vwedge 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 Marshali Model 2232 Three-Zone Clamshell
Furnace., Furnace temperatures were maintained by three sepa-
rate controilers, each with its' own thermocouple sensor
located midway in its' zone inside the furnace.

Flue efrects 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 bLottom of the
furnace and wrapped around the pull rods. When tane furnace
was closed, outside top and bottom ceranic plates whica
fitted around the pull rods were ciosed and taree-one iach
thick glass fiber insulation pads were fitted around the
pull rods tor and bottom and wired to the furnace. Thikh
strips of <filker insulation were placed between the matirg
faces of the furnace doors.

Four thermocouples were installed inside the furrnace 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 froa
each end was placed in contact with the end tab of the sfpec-
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
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section and overlapped by about one inch before deformation
to maintain good gage section temperature momitoring 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 equilib-
rium. After a sample was mouhted the furnace was closed and
the four thermocouples were aonitored 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 mm/min (0.2 in/min) or 50.8 mm/min (2.0 in/min).
For the specimen gJeometry this provided strain rates of
1.7X10~3 s-1 or 1.7X10—-2 s-t,

Ambient temperature testing was conducted on the same
electromechanical Instron machine. Specimens were mournted in
vise action gricgs. A crosshead speed of 1.27 mm/min (0.05
in/min) ¢as used for all ambient temperature testing. This
resulted in a strain rate of 8.3X10-¢ S-1 for the 1 inch
gage section specimens and a strain rate of 1.04X10-3 s-1t

for the 0.8 in gage section specinens.

D. DATA REDUCTION

Elongation was determined by measurement or the separa-
tion of the scriked gage marks for the warm deformed samples
and the outer edges of the gage 1lines for the amopient
temperature specimens. Elongation was calculated  using
€quation 3.1 :

% Elongation = (L -lg)/1o (eqn 3.1)

Where L, was 50.80 mm (2.000 in) for the warm deformation
specimens and approximately 25.4 mm (1.0 in) or 20.3 ma (0.3
in) for the ambient temperature test specimens depending on
the size specimen tested, and L was the gage leangth measured
for the deformed (or fractured) test sample. Individually
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measured L values were used for each ambient temperature-
test specimen. The Instron strip chart recorded the applied
load (lbs) VS. cnart motion. The magnification ratio
between chart speed and crosshead motion was 10 for the
warm deformation aand 40 for the ambient teaperature testinge.

From the strip chart, data points of chart displacemernt
and load were taken from the curve. A "floatiang slope" was
used on the strip chart from which measuremeats were takene.
This was used to remove suchrvariables 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 (egn 3.2)
ep= (L -LO)/L0 (egqn 3.3)
6 = S(1+e) (egn 3.4)
§F 1n ( T+e) (egqn 3.5)

where ep is the engineering plastic strain, epis the true
rlastic strain, S 1s the engineering stress and 6 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 straimn plots for the warm detformation
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 fron
the strip cnart. This discrepancy was as high as 50 »x and
averaged apout 25% in the warm deformed samples. The
discrepancy in the ambient temperature tests was as high as
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30% and averaged arout 20%. This discrepancy 1is predomi-
nactly caused by tke plastic deformation outside of the gage

section in the e€na tak areas 1n botn cases.

E. METALLOGRAPHY

After fracture selected ambient temperature test speci-
mens were sectioned as shown in figure 3.6 Specimens for
optical microscopy were mounted in standari plastic moulds

surface —_
examined TN
with optical

microscopy

Figure 3.6 Sectioning for Metallographic Exaaination.

with cold mounting coapound. Specimerns L[Or ScdanLlig electrol
gicroscopv were attacaed to standard stuss witn conductave
siiver pastec. Ali Oftical mICLOSCOPY S[€Clii€nhsS weLe poilisSnci
first using 240 to c00 jrit paper fol.owecC by polishing waitw
Aluminus oxide actrasive and finally pclisned with Magnesiua
cxide arrasive. Taoe AL-10MGg-0.12r ang A1-1044-0.5Mn speci-
d1ens were etchea using barkers's r2agent (2.5 zi HBF4 in 100
@l water, electrolytic) at 20 voits d.c. tor 40 seconds. Tae
Al-10Mg-0.4Cu specllens were etcned using Keller's reagert
(2 ml HE, 3 ml 4Ci, 5 ml HNO3 and 190 @l witer ) for «
seconds. Zelss Uulversal microscope was used for both exan-
ination and photcIrabulCc wWOrk. Kodak 35mm Panatomic=-X filn
was used for tn< optical aicrographic recording. All photo-
micrographs were made oL specimens tensile tested to frac-
ture at amulent temperature and usually near the fracture

Site.
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IV. BESULTS AND DISCUSSION

A. SOLUTION TREATING TEMPERATURE

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 the Al-10Mg-0.54n alloy enhanced
its room temperature ductility. The as-rolled room tempera-
ture ductilities for both solution treating temfperatures
shown ibp 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 froa
2.9 to 5.7 percent. Hence this research does not bear that
out.

After a 7% minute anneal at 300 C, the 440 c- solution
treatment had a ductility of 14.4% while the 490 C solution
treatment gave 1z.6% ductility. Optical photomicrographs,
Figqures 4.1 and 4.2, show no discernible difference in
microstructure Letween the two solution treatment condi-
tions. Alil rhotomicrographs 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 producei more uniform Jeformation
at the hiqgher strain rate, 1.67X10-2 s-1, This is shown
later in this section. Other than noted above, the higher
solution treating temperature does not appear to produce any
improvement in the mechanical froperties of this alloy.

Two solution treating temgperatures, 440 C and 490 C,
were also applied to the Zirconium containing alloy to
determine if increased solution treatment temperature would
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TABLE IV

AL-10MG-0.588 BOTH SOLUTION TREATING TEMPERATURES
AS-ROLLED, BOOM TEMPERATURE MECHANICAL PROPERTIES

AlL-104G-0.5M)
(SCLUTICN TREATED AT 440 C)

AS ROLLED:

BILLET Sy Su dy Sy % STRAIN
NUMBER MEASURED
(MPa) (MPa) (MBa) (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 206.7 482.2 297.3 515.5 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 Hk 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 56 . 14.4
AL-10MG-0.54N
(SOLUTICN TREATED AT 490 C)
AS ROLLED:
BILLET S Sy d oy % STRAIN
NUMBER y y MEASURED
(MPa) (MPa) (M4 Pa) (MPa) (%)
Mn16~3AR 33Z.1 485.1 332.8  504.0 2.9
Mnl4-1AK 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
Mn16-2AR 333.4 513.3 334.1 551.9 4.7
Mn11-2AR 271.€ 502.5 272.1 546.7 5.7
AS ROLLED--ANNEALED 1 HR 15 MIN. AT 300 C
Mn11-3AR 291.9  456.8 292.6 531.7 12.6

improve the distribution of the 2Zr and eanance the roon
temperature mechanical properties. Optical photomicro-
graphs, Figures 4.3 and 4.4, show a random dispersion of 1-5
micronm 4Zrdl3 fparticles with ao discernable difference
tetween tne two Solution treating temperatures. Table V
shows ductilities of 4.9 to 9.2 % for the 440 solution
treated material arnd 4.0 to 10.5 % ductility tor the 490

solutiorn treated material tested at roonm temperature in the

as-rolled condition.
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(a)

) Figure 4.1 Al-10Mg-0.5Mn Both Solution Treatments

s As-Rolled, 440 C (a) and 490 C (b), Barkers etch, X100.
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Figure 4.2 Al-10#8g-0.58n Both Solution Ireatmeats g
As-Rolled, 440 C (a) and 490 Cc (b), Barkers etch, %800. -
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Figure 4.3 Al-104g-0.1Zr Both Soclution Treataeuts
As~Rolled, 440 C (a) and 430 C (b) Barkers etch, %300.
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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 (€7 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 temperatufe does not appear to cause
dissolution of the zraAl3 precipitates.

both the Al-10MG-0.1Zr and Al1-10Mg-0.54n 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 Jener-
ally recomnended to allow the beta Magnesium (Mg5Al8) to go
tack i1nto solution to prevent partial melting when going
aktove the 451 C eutectic temperature. Even though this was
not done, no cracking problems on rolling, uasually associ-
ated with partial melting, were observed ror either of these
alloys. It is felt that this was attriputable to several
factors; (1) the long (24 hours) solution treating tire; (2)
the 5%71i-0.2%B-Ai added for grain size <comntrol in the
casting and (3) the limited segregation during casting due
to the direct «chill casting process. I'he long soiution
treating time appears to have been sufficient for any Leta
which did melt to go back into the solid solution. Factors
two and three limited the size and amount of beta present iu
the as cast ccndition. Although this was not the recommendei
method of heat treating these alloys, no apparent micros-
tructural damage was done to either alloy.

keducing tne solution treating temperature to 425 C for
the copper- containing alloy eliminated all crackinjy prob-
lens 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 phase
diagram shown in Figure 2.4 in the background chapter. This
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(b) 100 % warm deformation, 1.2 7 ambient ductility.

Figure 4.5 Al1-10Mg-0.1Zr Both Solution Treatments
As-Rolled, 440 C (a), 490 C (b), Barkers etch, X100.
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Bo SIMULATED SUPERPLASTIC FORAING g&;

The test wmatrix for this thesis called for simulated nﬁﬁ
superplastic forming of twelve specimens of the as-rolled )

o

material for eacn solution treating temperature of each
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. buring the simulated superplastic <forming §:§
phase a thirteenth sample was added for each alloy/solution ng
treating temperature combination. This sample was warm iﬁ:
deformed to 200% strain at 1.67X10-2 strain rate to caeck,

7
- ':']

in a qualitative way, how well each material handled large

strains at moderate strain rates. The Al-10Mg-0.1Zr, solu- y
tion treated at 440 C, was the first to be tested in this e

category. It was stopped at 160 % nominal to insure that ;1;
fracture did not occur . The extra specimens for the other jﬁﬁf
four processing conditions were strained to 200 % nominal .ZE
strain. The srecimen with the most uniform deformation cf :}ﬁ:
the gaée section in this category was the 490 C solution O
treated Manganese containing alloy shown later. ‘ Egg
C. AL-108G-0.12R SOLUTION TREATED AT 440 C ke
1. Simulated Superplastic Forming at 300 A
Samples of the as rolled material cut to the spec- oo

imen geometry shown in Figure 3.3 were deformed at 300 C to giﬁ
nominal strains of 100,140, 160, and 200 % at strain rates tfﬁ
of 1.67X10-3 or 1.67X10—-2 s-1, Inhomogeneous Jeformation of :GS
the gage section during simulated superplastic forming was a T
severe problem in this alloy. It was necessary to deform to o
nominal strains of 140 % to 100 % to obtain the 1local éﬁ{
strains desired (100% or 200%) for subsequent ambient -?i‘
temperature testing. Figure 4.6 shows the most unifornm, R
wara deformation specimen at each condition of strain and ii;
strain rate for this alloy. :&§
Figure 4.7 shows all the warm derformation specinmens gi*

for this combination of alloy and solution treating
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Al-10%Mg-0.1%Zr

(SOLUTION TREATED 440 C) St

s e .‘-‘
AS ROLLED (UNTESTED) LR

DEFORMED AT 300 C : §

Figure 4.6 dost Upiform Specimens of Al-10Mg-0.1Zr
Solution Treated at 440 C.
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2. As-rolled and As-rolled Plus Annealed

As~-rolled specimens were tested at 8.3X10-4¢ 5-1t
strain rate at ambient temperature for coamparison with
previous work by Alcamo and Hartmann [ Refs. 21,23: pp. 47,

50] and to
warm rolling stage. Table VI shows good agreement of mechan-

check the consistency of processing through the

ical test results when strain rates are approximately egqual.

TABLE VI

DATA FOR AS—-ROLLED AL-10MG-0. 1ZR SOLUTION
TREATED AT 440 C AND TESTED AT ROOM TEMPERATURE

AL-104G-0.1ZR
(SOLUTICN TREATED AT 440 Q)

AS ROLLED
BILLET % STRAIN
NUMBER %y %u % % MEASURED
(MPa) (MPa) (M Pa) (MPa) (%)
1) (a) * % i 270 456 1.7
1) (b %% % 310 450 9.5
2! c; * ¥ % x % 500.8 8.0
2* d; ** % x% 457.6 13.2
2) (e % xx *% 445.9 12.2
zr21-1aR  317.6 484.3 318.2 522.0 4.9
Zr19-1AR 33523 489.4 336.0 525.8 5.0
zr19-2AaR 308.5 458.9 309.1 496.7 5.1
Zr24-1AR  295.5 441.6 296.2 489.3 9.0
Zr34-1A8 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=-24R  310-3 bub 252.9  476.4 12.2
AS ROLLED--ANNEALED 1 HR 15 MIN. AT 300 C
Zr34-3AR  203.0 407.8 203.3  520. 12.2

* Specimen fractured before 0.1 true strain
** Not availatkle

i ; Alcamo p. 47 Two strain rates (S—1) 1.07X10-3 (a ), X10-

2 Hartmann p. 43 Taree straln rates S-l) 6.67X10—¢ {(c),
0.67X10-3 and 6.67X10-2,

In 1industrial applicaticn of superplastic forming, some

portions of a finished part are annealed at the warm forming

temperatures wnile others are deformed. Room temperature

tensile test specimens were statically annealed at the warm

forming temperature (300 C) to provide data on aateriail
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annealed only in addition to tne data on saaples
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 work
hardened material. Berthold [Ref. 22: p. 60] has shown that

at 300 C only recovery, Bnot recrystallization, occurs 1in

this material.

3. Ambient Jemperature Mechapical Properties S
The results of ambient temperature tensile testing e

on specimens cut from the previously warm deformed materials
are presented in Table VII .

TABLE VII ST

PEB TURE PROPERTIES OF AL-10MG-0.1ZR SOLUTION

AMBIENT TE A
40 C, AFTER SIMULATED SUPERPLASTIC FORMING

.|
TREATED AT

WARM DEFORMED AT 300 C RS
BILLET STRAIN  STRAIN s Su Jo’ &, _FSTRAIN
NUMBER RATE  NOM LOCAL Y y MEA SURED -

(S-1) (%) (%) (MPa) (MPa) (MPa) (MPa) (%) :
7zr21-2  10-3 100 100 244.3 338.1 2064.8 347.2 1.7 .
zr19-1  10-3 200 100 260.6 382.5 261.1 402.6 4.7 ’
Zr23-2 10-3 100 100 268.0 417.6 268.6 469.8 8.9 ;
2r22-18 10-3 140 150 282.7 423.1 283.3 463.9 7.2 -
Zr22-12 10-3 140 150 282.3 423.4 282.9 474.4 8.9 2
zr34-1  10-3 160 200 263.9 402.2 264.4 439.1 5.8 .
zr21-1  10-2 100 75 280.1 407.4 280.6 432.6 4.5 -
Zri19-2  10-2 100 100 267.5 362.3 268.0 377-9 2.6 o
zri18-2  10-2 100 100 285.7 463.3 286.3 531.7 11.2 X

P

zr23-1  10-2 100 200 220.8 438.8 221.2 516.1 12.2 o

The data shows some very attractive properties for this
alloy. It is superplastically deformable at warm temperature
to at least 200% strain at strain rates of 1.57x10-2 s5-1
(i.e. about Z percent per second) . The room temperature
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 of 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 barticles. 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 fcrming.

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 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 solutior treatments
applied to this alloy, as was discussed in the previous
section of this chapter. Figures 4.9 through 4.11 are o:f
tvo 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 imndicated at the bottom of each Figure. The
most noTlable difference between high and low ambient temper-
ature ductility specimens 1is the size of the flat area
perpendicular to the tensile axis. The nore ductile the
sample the smaller the flat area, cxamrle Figure 4.11 . This
follows the general trend for ductile materials. The angled
outer fracture lip 4is indicative of ductile <fracture. Tte
small amount of necking, example Figure 4.12, 1s typical of
high-Magnesium Aluninum-Magnesium alloys, as noted by
McNelley-Garg and by McNelley. [Refs. 17,26]- At this
level of uwagnification there are no aprarent 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-10MG-0.1ZR SOLUTION TREATED AT 490 C
1. Simulated Superplastic Forming at 300 C

Samples of the as~-rolled material were warm deformed
at 300 C to nominal strains of 100, 150, 170 and 200 percent
strain at strain rates of either 1.67X10-3 5~ or 1.67X10~¢2
S—t, As with the 440 solution treated Zircomium alloy,
severe inhomcgeneities in the deformation orf the gage
section were experienced. Therefore, the intermediate
strains of 150 and 170 percent were used to obtain local
deforma tions of 200 percent in the 1.67X10—3 S-! 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 egual to those for the
440 C soluticn treatment. Previous Figure 4.8 shows this
CCmparison.

2. Asrrolled and Ascrolled Plus Anneal

Tabie VIII gives the ambient temperature tensile

test results for this processing coandition.
This solution treatment of this alloy shows ambient tempera-
ture ductility in the as-rolled condition ranging from 4.6
to 10.5 percert. Annealing at 300 C produces the expected
increase in ductility with corresponding decrease in yield
and uitimate strengths for a recovered material. The
randomly-distributed, 1large ZrAl3 particles shown in Figure
4.15 for tae 440 C solution treatment are also present in
the 490 C solution treated material, Figure 4.16 The
increased soluticn treating temperature does not appreciably
reduce tne number or size of the ZrAl3 particles. As noted
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Figure 4. 10 Al-103g-0.1Zr Soluticn Treated at 440,  i}j
Aarm Defocrmed at 300 C to 100% Strain.
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(b) 11.47 ambient temperature ductility. Barkers etch, X80.

Figure 4. 11 Al-10d4g-0. 12r Solution Treated at 440,
Warm Deformed at 300 C to 100% Straine.
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Warm Deformed at 300 C to 100% Strain.
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Al—-10%Mg—-0.1%Zr |

(SOLUTION TREATED 493 C) §

AS AOLLED (UNTESTED)

Figure 4.3 Specimens of A1-10Mg-0.1Zr Solution Treated at
490 C. Warm Deformed at 300 C..
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by Berthold [Ref. 22]. they are most likely formed above
660 C by reaction in the liquid.
3. Ambient Temperature Mechanical Properties

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-t gstrain rate ( 2%/ second) The
ambient temperature yield stréngth after simulated super-
plastic forming, about 260 MPa (38 KSI), is below that or LN
the as-rolled conaition but comparable to that of the

-
’ 5.
'/.l
a2 A ‘e "1
v "7 Ay 0 Y
t X
':'_'-'.}.";"r [

Ll
L

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 MFa) than Supral 100 or Supral 210 respec-
tively as given by Barnes [ Ref. 27: pe 7] but has equal
ultimate strengths and nearly double (14.5 ¥ vs 8 ¥) ambient

temperature ductility arter warm deformation. The higher NN
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 ia the
ambient temperature ductility datd. Again, optical micros-
copy does not reveal any cause for the variable ductility
either.

E. AL-1046-0.5MN SOLUTION TREATED AT 440 C
1. Simulated Superplastic Forming at 330 ¢

Samples of the as-rolled materiai were warm deioruaeid
as specified in the test section. The 1inhomogeneities in
deformation experienced with the Zircoajua-containiag alloy
were not present in the Manganese -containing alloy. Figure
4.17 shows a representative set of warm deformatioa speci-
mens, one for eaca strain/strain rate combination.

Figure &Mo440all in appendix B shows all warm deformed sgec-

imens for this alioy/ heat treatment combinatioa. 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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Figure 4.17 Al-103g-0.5M4n Solution Treated at 440 C
Warm Rolled at 300 C.
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The m value taken from tae slope of the curve in Figure 4.18
is about Q.5. This is consistent with the m values found for
this alloy by bota Mills and Self (Refs. 14,20: pp. 45, 66].
It is also 1in the ramge of 0.3 to 0.7 Specified by Sherby
and Wadsworth (BRef. 5: Pp.363] as being a normal m value for
superplasticity.
2. As-rolled and As-rolled Plus Apneal

As-rolled samples were tested for comparison with
previous work by Mills [Ref. 1#]. Strain rate for this work
was 8.3X10—+ s-1, Table X shows comparison of the ambient
temperature mechanical test results Letween this work and
previous work.

TABLE X

DATA FOR AS-ROLLED AL-10M4G-0.5MN
TESTED AT AMBIENT TEMPERATURE

AL-10MG-0.5MN
{SOLULICN TREATED AT 440 Q)

AS RKOLLED:

BILLET S S (o3 % STRAIN
NUMBER y u y % MEASURED
(MEa) (4Pa) (MPa) (MPa) (%)
1) a * ¥ *% % % 414 3.0
1 {o * % % % 478 3.2
31; c * % * % * % 503 3.2
MN7-2AR 299. 3 470.4 300.0 496.17 2.8
MNo—-3AR 258.8 481.7 259.3 495.9 3.4
MN2-3AK 30S. 4 410.7 310.1 514.4 4.0
MN2-2AFK 246.1 482.2 297.3 515.5 4.2
MN2-1AR 340.6 50444 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
MN6-1AR 325.2 446.2 325.8 484.2 7.4
AS KOLL ED--ANNEALE 1 HR 15 NIN. AT 300 C
** data not available 3
(1) Mills p. 47. Three strain rates és—l): J2.0L10-4% (a),
5.6X10-3 (b) and 5.6X10-2 (c).
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3. Apbient Jemperatuge Mechanical Properties
The results of mechanical testing of the previously
wvarm deformed material are presented in Table XI

TABLE II

DATA FOR AMBIENT TENMPEBATUBRE MECHANICAL TESTS
OF PREVIOUSLY WARM DEFORMED AL-10MG-0.5MN

X (SOLUTICN TREATED AT 440 C)

WARM DEFORMED AT 300 C

' BILLET STRAILN STRAIN S Su g, dh % STRAIN
' NUMBER RATE NOM LocaL ¥ y MEASURED ~
’ (s=%) (%) (%)  (MPa)  (MPa) (MPa) (MPa)  (®) o
- MN2-2 10-3 100 100 296.8 317.5 297.4 320.3 0.4 -
; MN2-24  10-3 100 100 233.3 422.7 293.9 450.3 4.1 .
. ¥N2-2B 10-3 100 100 289.2 412.2 289.8 u3s. 4.5 ¢
» n-
- MNS-2B  10—-3 200 200 304.1 428.9 304.7 454.7 3.1 ~

MN6-2B  10-3 200 200 317.7 445.8 318.3 498.2 6.2 o

MN1-1TA  10-3 200 200 257.3 446.7 257.7 497.2 7.6 N
. MN1-1B  10-3 200 200  244.7 434.5 245.4 478.0 8.2 o
- MNe-2h  10-3 200 200 319.6 468.3 320.3 518.7 9.0 S
i MNS-2A  10-3 200 200 317.4 459.8 318.1 3524.0 3.5 =
: MN7-1 10-2 100 100 271.9 421.6 272.4 447, 3.7

MN4-1 10-2 100 100 306.0 442.0 306.6 472.9 U.6

MN3-1 10-2 100 100 253.4  434.4 253.9 ué5. 5.1

LN N N .

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-contailning
alloy. The problem of wide variability in room temperature
ductility after simulated superplastic forming observed witn
the Zirconium-containing alloy were also observed 1in this
i alloy. A noTable example are specimens Mn5-2B and Mn5-2aA,
' the least and waost ductile results in the 200% noaminal

strain secticn. These two specimens were remachined from the

same warm defcrmation specimen. Photomicrographs, Figures
: 4.19 and 4.20, showh no obvious differences between these
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two specimens. In fact the fracture surface of the less fﬁi&

ductile sample has larger shear lips than the more ductile “2f':

sample, Figure 4.19 g?ﬁﬁ,

Several of the more ductile, ambient~tenperature ﬁ&:§3

specimens had load versus elongation curves more character- EE&&E-

istic of mild steels than Aluminum. Figure 4.21 is a copy of WO
a typical one of these curves, showing an appreciable luders

'-"-."P
E

strain and finally a strain hardening region. The serations
throughout the curve were discussed in the background -
section and are likely due to the Magmesium in solid solu- R
tion interacting with moving dislocations. The Luders
straining would be indicative of an unlocking of disloca-
tions from solute atmospheres.

4. QOptical 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 =
eariier in Figures 4.19 and .20, optical microscopy L
provided no obvious cause for the variability in —roonm

temperature ductility.

F. AL-104G-0.548 SOLUTION TREATED AT 490 C S
1. Sipulated Superplastic Forming at 300 ¢ R
Figure 4.22 shows representative warm deformation Lo

specimens for each strain/strain rate combination applied to
this alloy. .
The notable feature of this alloy and solution treatmeat '
temperature combination was the uniformity of deformation cf
the gage section. Even at simuiated superplastic foraming

strains orf 200 % at 1.67X10-2 s-t, strain rate, gage section
deformation was uniform, mnore 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 tfor this work, at both 490 C and 440 C solution treating RO
\‘:\'.‘.':‘ ]
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Figure 4.20 AL-10Mg-0.5Mn ¥arm Defocrmed toa 200% Strain

Room Temperature Ductiltiy 9.5% (a) and 3.1% (b) Barkers etch X800.
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Fiqure 4.21 Instron Produced Load ws Elongation Chart
for A1-10Mg-0.5Mn Specimen Showing Large Luders Sectiol.

temperatures, and cata fzog Mill's [Ref. 1W: p. 39] previous
werx on tnis alloy , solution treated at 440 C. Tais
ccmparison sShows no apparent eftect of soiution treating
texperaturfe on flow stresses for this ailovy 1n the strairl
rate range tested. The slope of the line s2gments frox thls
wOrKk are about tne same as Mills! worK sSugjgesting at
wgvalue of 0.4 to J.5 for this ailoy.
2. As-rclled ané As-rolled Plus Apneal

As-rolled and as-rolied pius anbealed samples were
tested in tension at amkient temperature. Tablie XII gJives
tne mechanical test resuists and provides a comparisor w#ith

the results c¢f tne 440 C sclution treated material. Tac
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Figure 4.22 Al-10Mg-0.54n Solution Treated at 490 C
Warm Deforaed at 300 C.
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Figure 4.23 Al-10Mg-0.5M4n Solution Treated at 490 C
All Specimens 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 bLoth
as~ rolled and after a 75 minute anneal at 300 C.

TABLE XII
= AMBIENT TEMPERATORE TEST DATA FOR
N AL-10MG-0.5HN SOLUTION TREATED AT 490 C

(SOLUTICN TIREATED AT 490 C)
AS ROLLED:

The 315 #4Pa (U5 KSI) yield strength and 515 HMPA (75 KSI)
ultimate strengths in conjunction with the niygher ductili-

BILLET# Sy Su dy Su % STRAIN
MEASURED
(MEa) (MPa) (MPa) (MPa) (%)
MN16-3AR 33z.1 485.1 332.8 504.0 2.9
MN16-1AR 338.3 507.3 388.9 541.3 3.5
MN13-1AR 298.2 492.8 298.8 519.8 4.3
MN16-2AK 333.4 513.3 334.1 551.9 4.7
MN11-2AR 271.6 502.5 272.1 546.7 5.7
O AS ROLLED- ANNEALED 1 Hk 15 MIN. AT 300 C L
~ MN11-34AK 291.9 456.8 292.6 531.7 12.6 o
(SOLUTICN TREATED AT 440 C) )
- AS ROLLED:
- BILLET S Su o dh % STRAIN e
It NUMBER y y MEASURED r
' (MPa) (MPa) (MPa) (MPa) (%) T
MN7-2AK 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
MN2-2AK 246.7 482.2 297.3 515.5 4,2 :
MN2-1AR 340.6 504.4 341.3 538.2 5«1
MNT-1AR 375.8 522.0 376.6 552.8 5.8 -t
AS ROLLED--ANNEALED 1 HR AT 300 C .
YN6-1AR 325.2 446.2 325.8 484.2 7.4 R
AS ROLLED--ANNEALED 1 HR 15 MIN, AT 300 C -
. MN6-2AK 275.3 462.7 275.9 556.2 14.4 .
-t
3. Ambient ITemperature Mechanical Properties f
_f Results of ambient temperature mechanical testing ou ;ﬁ
° previously warm deformed samples are presented in Table XIII "‘}

N ties are very attractive. Almost all results for material ﬁ .
with 200% prior simulated superplastic forming were very

'_::: 70
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2 TABLE XIIX . REpe
g AMBIENT TEMPERATURE MECHANICAL TESTS FOR f@ﬁ
y AL-108G-0.5MN AFTER WARM DEFORMATION AT 300 C S
. X i
- ,’- “,-l .
N KL
" (SOLUTICN TREATED AT 490 Q) A ;§¥§
! WARM DEFORMED AT 300 C: ey
: oo,
BILLET STRAIN STRAIN Sy Su dy Gu % STRAIN
. NUMBER RATE  NOM LOCAL MEASURED ey
(5-1)(%) (%) (MPa) - (MPa) (MPa) (MPa) (%) ;Efﬁ
MN14-2  10-3 100 100 296.0 339.0 296.6 344.4 1.2 Tl
MN13-2 10-3 100 100 263.2 334.8 263.7 343.0 2.5 s
MNT1-1  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 Lo
MN14-1B 10-3 200 200 315.7 457.1 316.3 516.2 8.75 .
- MN16-2B 10-3 200 200 317.6 455.5 318.3 512.2 8.84
- MN11-22 10-3 200 200 323.1 454.7 323.3 512.6 9.14
2 MN16-2A 10-3 200 200 324.3 457.1 324.5 513.1 9.63
. MN11-2B 10-3 200 200 299.1 453.4 303.2 522.8 10.64 R
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 4.4 Gy
MN17-1  10-2 100 100 297.5 437.1 298.1 466.5  4.49

) good. Barnes [Ref. 27: p. 7] 1lists the room temperature
r properties of a number of current commercial high stfength
' superpliastic 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 combinatioans presented,
- there is variability in the room temperature ductilities of
' specimens with the same prior thermomechanical history. The
yield and ultimate strengths show little degradatioan as
result cf pricr simulated superplastic forming. As with the
Manganese coataining alloy solution treated at 440 C, a
number of speciasens 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. 1The 490 C treatment has slightly better average }?T;

room temperature ductilities after 200 % simulated super-

-

Flastic forming but is not as ductile after 100 % warnm
deformation at either strain rate.
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4. Optical Microscopy

Optical microscopy performed «c¢n tnis alloy/solution
treatmert combination

the

again did not proviie any coaclusaive

explana tion Ifor variability in acbient tedperature
ductility observed. Figure 4.2, wnich compares cotn solution
treating temperatures sShows Do apparent efrect cf the higher

solution treating temperature.

AL- 10MG-0.4CU SOLUTION TREATED AT 425
1.

G. c
324

a representative

O

e E-

Figure 4d4.24 shows set of waira:a

deforzed specimens of tuls illoy, Ohe at cacCi straia/stréin

rate cogbinatiode.

Ihkis alloy Jdeforms very unifZoraly at 1.07X10-3 S—! eveLn to

200 ¥ strain tut, Lregins <tc snow nonunizorn ieformacion at

2C0 % strain at 1.67X10—2 S-1 strallL rate.
TABLE XIIIXI
AMEIENT TEMPERATURE MECHANICAL TESTS FOR
AL-10MG-0.58N APTEE wARM DEFOERMATION AT 3G0 C

(SCLUTICN TREATED AT 490 Q)

warn /deCormed A '3Q0 &

BILLEDY ZTxARIN SITaLIN Sy Su dy Su ¥ STRa
NUMBER LATE NOM LOCAL MZASUR

(S-1) (%) (%) (MPa) (MPa)  (%Pa) (MPa) (%)

MNY14=~2 10-23 120 100 296 .0 339.0 296.6 344.4 1a2
MN13=2 10-3 100 1300 io3.2 334.8 zt3.7 343.0 Zed
MET1-1 10-3 130 .00 269.6 426.7 300.2 u455.2 3.82
MNT4=1A 10-3 200 .J0  316.0 4uC.d4 318.2 516.4  2.00
Muldy=1B 19-3 2930 .20 315.17 437.1 316.3 Sle.2 t.75
MN1o=-2B 10-3 200 C2J0 317.6 455.5 312.3 51242 c.84
MET1=-cA 10-3 200 200 Jc3. 1 4S5u.T 32543 51cab v. 14
MN1o=2A 10-3 22C Zu0 Jed4e 3 “57.1  3c4.5 5131 v.63
MN11-2B  10=-3 200 20 296 .1 453.4 3J03.2 522.8 1J.04
MN13-1 10-2 100 120 304.06 347.9 305.2 352.17 .90
Mi15-1 19—-2 1230 190 Z06 o 7 L34.9 212 4wbS.6 “.41
MN17-1 10=-2 130 140 <%7.5 437.1 298.1 4obo.5 “ed9
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Al-10%Mg—0.4%Cu

AS ROLLED (UNTESTED) §

Figure 4.24 Al-104g-0.4Cu Solation Treated at 425 C g
Warm Deformed at 300 C. -
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Figure U4.25 compares the flow stresses for this
research with those obtained by Self [Ref. 20: p. &0]) for
this sane alloy.solution treated at 440 C. The flow stress
values are consistent between both sets of data,
==== yith stress level increasing with strain rate as
predicted by equation 2.4. The strain rate sensitivity
coefficient, m, taken from the slope of these log-log plots
is 0.X. This is consistent with previous work at NPS and is
in the 0.3 to 0.7 range usually observed for superplas-
ticity. In Self's work [Ref. 20: p. 50] a strainm of 157 %
at 1.39X10-2 S-1! strain rate before fracture was obtainegd.
In this work , two specimens , shown in Figure 4.26 (b),
were each strained to 200 % at 1.67X10-2 S-%@ strain rate.
At that point simulated superplastic forming was stopped to
allow remachining of 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 the 1larger
cross section of the simulated superplastic forming speciomens

used in this work.
2. As-rolled and As-rolled plus Anneal

As-rolled and rolled plus annealed specimens were
tested in tension at room temfperature at 8.3X10—¢ S5—! strain
rate. Table XIV presents the results of the above mechan-
ical testing along with comparative data from Self
[Ref. 20]. The as-rolled data froa tais 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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'DEFORMED AT 300 C: & = 1.7X10™




A kA

..........

TABLE XIV

AMBIENT TEMPERATURE MECHANICAL TEST DATA
FOR AS-ROLLED AL-10MG-0.4CD

AL-10MG-0.4CU
(SOLUTION TREATED AT 425 C)

AS ROLLED:

BILLET s s o o % STRAIN
NUMBER y u y u MEASURED
(MPa) (MPa) (MPa) (MPa) (%)

1) (a * ** ** 456.7 10.8

f1g §b£ ** % *% 450.5 10.9
culs-1a 337.1 484.6 337.8 519.3 4.8
Cul8-1AR 328.8 45807 329-4  483.4 5.1
Cul9-1AR 309.5 452-.2 310.1 481.4 5.2
Cu16~1AR 352.7 50327 353:4 54022 6.0
Cul8-2AR 315.0 456.0 312.2 483.:8 6.3
Cul8-3AR 310.8 461.5 311.4 4%.8 6.4
AS ROLLED--ANNEALED 1 HR 15 MIN. AT 300 C
Cu16=-2AR 248.8  401.4 244.3 459.6 10.7

** data not available

Self, p. 50. 1Iwo strain rates (S—1) 1.39X10-3 (a)

and 1.39X10— 2.

3. Ambiept Temperature Mechanical Properties

Results of the
previously warm deformed
The yield

warm forming show

amtient temperature mechanical

testing on samples are presented
in Table XV .

temperature after

and ultimate strengths at ambient
about a 15 % decrease
Table XIV

containing alloy

from the as-rolled values presented in This is

similar to the results for the Zircoaium-

but in contrast to the Manganese-containing alloy which

showed no significant loss of yield or ultimate strength
after with warm deformation.

The ductilities of the specimens at ambient tempera-
ture arter simulated superplastic forming to 200 % strain at
1.67X10-3 s5—1

current superplastic

strain rate are equivalent to severai other
Aluninum alloys [Ref. 27],

ductilities for the

The yvield

strengths and ot her three strains and

strain rates are at or below other ccmmercial superplastic

alloys.
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TABLE 1V

AMBIENT TEMPERATURE MECHANICAL TEST DATA NS
POR AL-10MG-0.4CU AFTER SIMULATED SUPERPLASTIC FORMING

X Y
5
]

4cu X
TREATED AT 425 C) e

WARM DEFORMED AT 300 C:

- LS
_ el fr N T

BILLET STRAIN  STRAIN s s o "o

e u u % _STRAIN &

- NUMBER RATE NCM LOCAL y y MEASUKED i

- (5-1) (%) (%  (4Pa)  (MPa) (MPa) (MPa) (%) :

. Cul3-2 10-3 100 100 225.1 313.9 225.5 322.6 1.9 LT

Ii Culd-1 10-3 100 100 275.2 398.0 275.7 431.9 6.1

o Cul4-2A 10-3 200 300 273.0 290.4 273.6 293.7 1.2 o

L Cul9-1a 10-3 200 200 267-2 298.4 262.8 303.0 1.9 -

- Cu19-1B 10-3 200 3200 341.0 3.0 o

o Cul4-2B 10-3 200 150 269.5 393.5 270.0 420.0 &.7 -

- Cul19-2B 10-3 200 200 271-1 38%.2 271-6 415-6 5.0 o

- Cul3-2A 10-3 200 250 252.8 394.3 253.3 u25.1 5.7 R,

p. Cul7-1  10-2 100 100 274.0 404.7 274.6 431.7 4.2 -
cul3-1  10-2 100 100 233.1 411.8 233.5 443.2 4.8 a3
Cul7-2B 10-2 200 200 286.5 435.8 287.0 483.8 6.7 RN
Cul7-2a 10-2 200 200 295.9 450.2 296.5 507.6 8.7 R

4. oOptical Microscopy _
As with the other four processing condition/alloy oy

comtinations 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 g¢ood

examples of this. One specimen had 6.7 % ambient temperature
ductility , the other 1.9% ductility yet Lo apparent difrfer-
ence is evident at this level of magnificatiorn.

Oone of the specimens warm deformed to 100 % strairn
at 1.07X10~-3 S—-1 gtrain rate then tensile tested at roon
temperature had a second c¢rack about 12 nmm away fcom the :{;
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Figure 4.27 Al-108g-0.4Cu Warm Deformed to 100 % Straicr
Room Temp Ductility 6.1 % (A) and 1.9 % (b)e.
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Fiqure 4.28 Al-10Mg-0.4Cu Warm Deformed to 100 % Strain
Ductility 6.1 % (a) and 1.9 % (b) Kellers etch, X800.
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etching artifacts that the crack seems to go through did not g
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 3}

crack. e
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Al-10Mg-0.4Cu, Kellers etch X100.

¥Second Crack 12 mm Away Fronm

Figure 4.29
Actual Fracture Site.
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Figure 4.30 Ends of Second Crack in
Al-1089~0.4Cu Specimen. Kellers etch, X800.
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V. CONCLUSIONS AND BECOMMENDATIONS

A. CONCLUSIOBS

1. A successful modification of the test equipment wvas
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-10Mg-0.1%r and
A1-10Mg-0.5Mn alloys.

3. In sinmulation of superplastic forming, attained 200 %
deformation at 1.7X10-2 5-t ( 2 % / second) for all alloys
and processing conditions.

4. Following superplastic forming, the yield strentks
were 300 MPa (40 KSI) te 325 MPA (45 KSI)for the
Al-1013-0.548 alloy, 230 MPa (35 KSI) to 300 MPa (40 KSI)
for the Al-10Mg-0.12r alloy and 250 MPa (35 KSI) to 300 MPa
(40 KSI) for the Al-10Mg-0.4Cu alloy.

5. Ductilities varied widely with little appareat corre-
lation to prior thermomechanical processing. Ambient temper-
ature ductilities after simulated superplastic forming were
1.7 to 9.8 percent for the Al1-10Mg-0.5¥4n alloy, 1.0 to 14.2
percent for the Al-10Mg-0.12r alioy and 0.7 to 8.8 for the
21-10dg-0.4Cu alloy.

6. The yield strength and ambient temperature ductility
combinations for the more ductile samples in all three
alloys are very good 1in 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.
Metallograpny does show that the fracture path does not
follow tne coumnstituent ZrAl , MnAl , 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 fhe properties of structures

produced during superplastic forming.
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