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An aluainum-17.5 weight percent copper alloy was warm rolled

to achieve refinement of the microstructure. This refined
miorostx’uctuxe consisted of finely dispersed interm.tallic A12Cuparticles with an average size of 1.2 microns in an aluminum
matrix. This led to improved room temperature properties as well
as th. onset of sup.rp].asticity at elevated temperatures.
Ductility and toughness were increased almost six-fold,
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despite slightly decreased yield strength and marlivium
compressive strength. It would appear that warm worki ng
can be used to enh.~~~e both room temperature properties
and superplastioity , and that further research could
~~g~~(isi ze this improvement.
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ABSTRACT

An alusiuus—17.5 weight percent copper alloy was
wars rolled to achieve refinesent of the
sicrostr ucture. This refined micros t r uctur. consisted
of finely dispersed interietallic A12Cu particles with
an average size of 1.2 aicrons in an aluuinus satrix.
This led to isproved too. t.ap.rature properties as
well as the onset ot superplasticity at elevated
teaperatures. Ductility and toughness were incr.azed
alsost six—fold , despite slightly decreased yield
strength and sazia na cospress ive strength . It woul d
appear that wan, working can be used to enhance both
too. teuperature properties and sup.rplasticity, and
that fa rther research could iaxiaiz. th is i.prov ea.nt.
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I. I JT1QQ~~CT IQj

The original goal of this research prograi was to
investigate the too. tesperature properties and elevated
teiperature auperplasticity of the aluainu.—copp.r eutectic
systei as a fun ction of coaposition and wan rolling-.
Aluuinua— co~per was chosen because of its non—reacti ve
nature and ease of fabrication. A eutectic syste. was
chosen because no previous attenpts had been nade to
evaluate the change in rooa teaperature properties of a
eutectic systel due to warn rolling. The goal stated above
was never let, as casting and rolling procedures took
extensiv, trial and error ref in.aent . The copper ccntent

- 
- 

was reduced ire, the eutectic coiposition to facilitate war.
-rolling ard culy one wan worked condition was produced.
This condition was an aluainua—17.Svt.%copper - alloy van
rolled to a ttue st rain of 150%. The ground work for
further research was perforaed.

Iany researchers have investigated wan, rolling as a
aeans to produce an ultrafine .icrostructure which leads to
suEerplasticity. However, few effoits have been nade to
correlate this research with the resulting roe. te.p•ratun.
properties. Sherb y (Ref. 1) is a .ajor exception. His work
en ultra—high—carbon steels has produced results that are
being descrited as a etallnrgical breakthrough. There is a
need to investigate other materials for the sane tendency
to.ard increased ductility and toughness at tool
teapezatue, with elevated tenp.rature superplasticity.
This correlation of too. temperature properties cannot be
ov.reipbaaia.d.

_ _ _ _ _ _  
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The results of this research, although short of the
original goal, were .xtre.ely promising. At roo.
temperature , ductility was increased greatly in co.pression

• testing. Althoug h yield strength and .axiiu. co.pressive
strength decreased slightly, toughness, as .easured by the
area under the stress—strain curve, was increased six—told.
Ricrostructural analysis revealed a fine dispersion of
inter.etallic particles, averaging 1.2 microns, in an
aluminum matrix . Ihis reiine.ent eliminated the cracking
which was characteristic of the failure of as—cast
specimens. In addition to improving the too. temperature
properties, the warm worked .aterial. exhibited the onset of
superplastic behavior at elevated temperatures. In this
region, the results were compatible with those reported by
other researchers investigating superplasticity. These
results indicate that both room te.perntur~ properties and
supe~plasticity can be enhanced by wan rolling. Now that
the groundwork has been laid, it is recoinended that further
research be performed to extend both the data base and the
understanding of it.

_ _  
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II. pPE~~~~~~j~ PPOC!DUBj~

This research program required tedious trial and error
procedur, refinement to develop. reproducibl. castings of -

aluuinul—copEeE alloy having a- fine homogeneous
• sicrcstructure without porosity on other casting detects.

Wan, rolling procedures were then developed which broke up
the cast laiellar structure into a fine dispersion of
interietallic grains in an alu.inu. .atrix. As these two
aspects of the research progra. were bein g developed ,
optical and scanning electron microscope procedures were
used which enabled observation and analysis of the resultant
.icrostructure. Finally, mechanical testing procedures were
developed that produced consistent, accurate data for
analysis of the effects of wan , working.

— - —~~~~~~~~~~~ - _ _  - - --  
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A. CASIIIG -

Casting was the crucial first step in this research
program. h alted melting and casting facilities at the
Naval Postgraduate School necessitated an extended trial and
error procedural development. The goal in casting was to
produce a fine homogeneous microstructune, free of such
defects as porosity and inclusions which would result in
poor .atenial properties. Additionally, the casting
procedur e developed had to be reproducible and , therefore,
controllable. Early castings were plagued by porosity and
inclusions such as those shown in figure 1. Both
aicrographs in figure 1 show fra cture surfaces from cast
materials which tailed prematurely during wan, rolling.

• Casting involved .atenial considerations, .elting and
pouri ng proc dures , and finally , a method of quantitative
composition seasuiement. Each of these subjects will be
described in detail.

11
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A.
POROSITY

B.
ALUMINA INCLUSION

Figure 1 — SCANIZIG ELECTRON NICROGRAPHS OF THE FRACTURE
SURFACES OF CAST Al—25.5WT.%Cu AT 7001.

12
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1. Utu~üi

The raw materials to be alloyed were the first

= - casting consideration. Stock 1100 aluminum in the for, of
rolled sheets 22. ci in length, 2 cm wide, and .32 cm thick
was sheared into squares 2 cm on a side for ease of
placement in a crucible. The5e were sheared because less
local melting would occur than by cutting with a band saw.
This localized melting would result in alu,iua formation and
thereby increase resultant inclusions in the casting.

The tori in which copper was added to the aluiinu.
was critical, as the furnace temperature was to be kept as
low as possible to avoid porosity. Thus the only .fchanisls
for mixing were dissolution and diffusion of the copper
through the molten aluminum . Theref ore, a high surface area
for the copper was provided by using (99 .9% pure) copper
shot approximately .15 cm in diameter. In this way adeq uate
dissolution and diff usion were accomplished without the
detrimental effects of a high melting te.perature.

* final point of importance in the materials aspect
of melting was the order of adding components to the
crucible. ly placing the copper shot below the alu.inu.,
less oxidation of the copper and elimination of resultant
cold skats and inclusions were achieved. In early castings,
shire this was not done, incomplete dissolution of the
copper shot, due to a protective oxide cover, resulted in
whcle pieces of copper being present in the casting.
Ad4itionally, the alloying mat•rial s were cleaned to keep
surface oxidation and other environmental impurities from
entering the malt.

13
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2. flsLt~u

Belting procedures were developed which resulted in
a hcmogeneou~ casting, free of inclusions and porosity. The

• best melting tenperature was found to be 978°K. This was a
compromise between high dissolution and diffusion rates for
copper in aluminum and minimization of porosity. Below
923°K the dissclution and diffusion ci copper required ten
to twelve hours to achieve adequate alloying with the molten
aluminum. Above 1023°K the resultant castings began to
exhibit extensive porosity and the formation of alumina
inclusions. At 9780r it was necessary to allow one hour f or
the aluminum to . melt and for initial dissolution and
diffusion of the copper to occur. The melt was then stirred
with a clean stainless steel rod preheated to 423°K to
reduce moisture carry— over into the melt. This stirring
increased the diffusion rate of the copper by inproving the
gradient near the copper shot. Stirring also necessitated -

• the use of a clay—graphits type crucible since other
crucibles would not maintain their structural integrity at

• 
~78°g with stirring. The melt was stirred again in thirty

• minutes, after which it was allowed to settle for one and a
half hours, which further reduced porosity . and alumina
inclusions. Figure 2 shows the crucible and furnace used
during melting.

_ _ _  
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Figure 2 — FURNACE AID CLAY—GRAPHITE CRUCIBLE USED IN THE
BELTING OF ALUIIIUI AND COPPER.

15
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3. j j ~g

Pouring procedures were extremely important in
achieving a controllable fine grain size. A cast iron mold
was used that produced a billet 17.75 cm . lông, 3.6 cm.
wide, and 2.75 c•. deep. This mold was placed in water with
the level just below the top of the mold. The melt was
poured into the mold , and the wa ter level was raised so as
to submerge the entire casting. A hose was used to keep the =
mcld surrcundings flushed. Figure 3 shows the cast iron
mold in the configuration ready for pouring. These
procedures resulted in a controlled rapid cooling of the
casting. By way ci comparison, figure ~1 shows the resulting
microstructure of (A) a slowly cooled casting and (B) a
droplet that was solidified in direct contact with water.
The .icrcstructure resulting from the above procedures is
abcwn in figure 5 and proved to be only slightly more coarse
than this uncontrolled, but very rapid, water quench. The
microstructure, in fact, became so fine as to necessitate
scanning electron microscopy for greater magnification and
resolution of minute details that were beycud the limits of
optical microscopes.
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Figure 3 — CUT IRON BOLD II THE WATER BATH USED FOR
RAPIDLY QUENCHING AL—CU BELTS.

17
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A.
SLOW COOLING

B.
RAPID COOLING

Figure Is - OPTICAL MICROGRAPH OF AL— 2 5Wt .%CU CASTINGS FOR
DIFFERENT COOLING RATES AT ‘400X.

18
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OPTICAL BICROGRAPH OF AL—17.5Wt.%CU CASTING PROM
THE ADOPTED CASTING PROCED URE AT 8001.



5~ Q.Wui~ta ti~~ CQmPgait~Q.g &iu~ii

Alter the first casting was made, the major problem
• was to determine the composition. It was decided that using

thw density Cf the alloy and the lever rule along with the
equilibrium phase diagram would yield results accurate
enough for this research program. The density of
aluminum—copper alloys for three different compositions was
found in reference (2). From this data a simple equation
was the result.

Wt.%Ou = (l.25314_3.32O8/Palloy) x 100 (1)

The density of th. alloy was determined by the differential
weight method • The results of applying the above eq uation
compared veil with microscopic observations and were deemed

• accurate within 1 vt.%C u based on the data used to derive
this equation and the accuracy of the density measurement.

3. WARN ROLLING

W arm rolling is a relatively recent development in
miczcstructural refinement. In the case of the
aluminum—copper system the lamellar en tactic structure can
be broken into Line discrete particles. To achieve this
refinement, it was necessary to closely control the as—cast
micrestnucteze , the temperature, and the strain rate during

• wan, rolling. In this sense equipment limitations were
gu t, profound. The rolling mill used for this work was
designed pniiarily f or cold rolling and had limited ccntrol
of the roll bite. A separate furnace was installed, but
specimens bad to be transferred a distance from the furnace

H 20
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to the rclling mill which resulted in large temperature
variations. A material preparation and rolling procedure
were developed which resulted in strains up to 150%, and
which were ultimately limited lore by specimen - size
requirements than equipment limitations.

1. JituW Z DaA~Lt29~

The solidified casting was milled to a square cross
section with sufficient material removed to exclude any
surface defects. This operation resulted in three pieces
approximately 5 cm in length with 2 cm. sides. It was
necessary to separate the original casting into three pieces
for it to Lit into the warm rolling oven. These specimens
were then finely sanded with 3/0 sanding wheels. Since any
surface defects and sharp edges would be sites for crack

• initiation during war m rolling, this sa nding was helpful .
The warm rolling oven was preheated to 78301. Since the
intenaets.llic, Al 2Cu, does not exhibit any degree of
ductility below 623°H, and because of a 75°K to 150°k
specimen temperat ure drop during rolling, 783°K was chosen.
Additionally, above that temperature, localized melting was
ex peniemc d durin g furnace controller cycling. Figure 6
sbcvs the rolling mill, and furnace used for warm rolling.

II 
_ _ _ _  _ _ _  
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Figure 6 — THE ROLLING BILL AID FURNACE USED FOR WARN

I 
ROLLING OF THE AL—CU ALLOY. 
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The warm rolling procedure was also a trial and
error development. A greater strain rate was possible as
the copper content was lowered and as the microstructure
became finer. These were the ma jor motivating factors I or
reducing the copper content to 17.5% and for further grain
ref ine.ent during casting. figure 7 shows the fracture
surface of a specimen that failed during warm rolling with
less than 5% strain. It contained over 31% ccpper and had a
relatively coarse microstructure.

The rolling mill could be adjusted in 0.0025 mm
increments. By adjust ing roller speed and separation the
strain rate was maintained between 0.006/sec and 0.008/sec
with approiimately 0.75% true strain per pass. Each
specimen was flop rolled three times at each roller setting.
This was done to all speciiens at eight to ten settings and
then they were allowed to anneal for fifteen minut es. This
procedure was cont inued up to a true strain of 100% , at
which time the sound of rolling initiation became less
sharp. This sound indicated that the material van becoming
mor e ductile. The strain rate and strain per pass were then
increased continually until the final pass at a strain rate
of 0.05/sec and a true strain of 6%. A total strain of 150%
was achieved on the Al—17.5wt.%Cu cast speci•ens.

23
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Figur e 7 — SCANN ING ELECTRON BICROGRAPH 0? THE FRACTURE
SflB)ACI OP A) AL—311t.%CU CASTING AT 6501.

24



• 3. ~~~~~~ ~~ _ _ _

The purpos e of wars rolling vas to break up the
skeletal cast microstructure, which was brittle, into a

• discreet dispersion of intermetallic particles which wculd .
be more ductile. As the cast structure beca me f iner , warm
rolling became easier , and the resultant war m rolled
.iórostructure became finer. Figure 8 shows scanning
electron iicrographs of the cast structure and the resultant
warm rolled microstructure after 150% strain. Particularly
important was the fine sub—micron size particles dispersed
throughout the warm rolled microstructure.

C. NICRCSCCPI

The ability tc resolve fine microstructures was an
important aspect of this research. Initially , optical
microscopy was considered sufficient for observing the cast
structure; however, as finer grain size was achieved, the
miciostructures exceeded the capabilities of the optical
microscopes. The scanning electron microscope was then
employed to resolve these minute details. Magnifications up
to 80001 were used, for instance, to investigate some Cf the
finer discreet particles as shovu in figure 8B.

25
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.A.

CONTINUOUS CAST
IJAMELLAR STRUCTU RE

B.
WARM ROLLED

STRUCTURE

Figure 8 — SCANNING ELECTION MICROGRAPHS OP AL—17 .SWt.%CO.
A. CAST 5. WAR N ROLLED AT 1200!
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All specimens were ground, polished, and etched in
• th. same manner, except for fracture surfaces. These

• specimens were selected an d cut from the bulk materia l with
an abrasiwe , water—cooled, cut—off wheel. 

- 

They were then
ground successively with SiC grit 50 and 320 on grinding
belts. The specimens were then hand sanded with emory grit
O and 3/0, after which they we re ready for polishing.
Polishing was pórformed on broadcloth rotary wheels with
alumina slurries of 15 micron and .05 micron particles.
This procedure resu lted in a highly polished specimen
surface ready for etching.

Several etchants were available for Al—C u alloys.
Initially Sellers etchant was used (Ref. 3), but it proved
difficult to distinguish the two phases. For that reason.
5% HF acid in water was used. This etchant, however , did
not show the aluminum grain boundaries. With this etchant,
preferably over a week old, 20 to 25 seconds of submergence
was sufficient f or an effective intermetallic etch.
Whenever a fresh batch of etchant was used, extensive
over—etching resulted. This effect will be seen in later
scanning electron .icrographs.
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Optical microscopy was conducted on Bausch and Lomb
and Zeiss optical microscopes in the materia l science
laboratory, at magnifications up to 8001. The Zeiss optical
microscope, equipped for polarized light , revealed no
additional aspects of the alloy. Optical microscopy was
abandoned when the microstructure of the specimens became
too fine tc be adequately observed at 8001 magnificatica.

Scanning electron microscopy allowed much 
- 

greater
detail of the alloy to be observed. The scanning electron
microscope in the material science laboratory was used for

all observations and photographs. Initially, the A12Cu
phase was differentiated from the aluminum phase by energy

• dispersive x—ray spectroscopy, and it was discovered that
the intersetallic appears lighter in scanning electron

micrographs. Since all specimens were polished and etched,

the largest aperture was used which gave less depth of field
but bett r resolution, scanning electron microscopy proved
to be very helpful in observing the microstructure at up to
8000! magnification and thereby helped in correlating the

proper ties to the •icrostructure.
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D. NECHANICAL TESTING

• . 
After the alloy had been cast, warm rolling was

accomplished , and microscopy had revealed the desired
microstructure, it was possible to investigate the resulting
mechanical properties. It was decided that compression
testing would result in a greater data base for ti, limited
material and time. Additionally, compression test specimens
were manufactured more easily than other specimen
configurations. Specimens were machined as 0.25 cm cubes.
Compression tests were conducted on an Instron mechanical
testing machine, with an attached oven for elevated
temperature testing. This equipment is shown in Ligurá 9.
Twc types of testing were conducted. loom temperature
compression tests of the cast specimens and the warm rolled
specimens were conducted for mechanical property comparison.
Secondly, elevated temperature compression tests were
performe d only on the warm rolled specimens to investigate
some of the acre refined areas of the alloy’s behavior, such
as strain rate sensitivity, activation energy, and
superplasticity.
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?i~~r. 9 — THE IISflOI BECHANICAL TEST BACHINE II THE
COIPRISSICI TEST CONFIGURATION WITH THE OVEN ATTACHED.
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• Room temperature compression tests were conducted to
• determine stress— strain behavior of the cast specimens and• I the warm rolled specimens for comparison. Six specimens of

each microstructural condition were tested, three in the
- 
longitudinal direction and three in the transverse direction
relative to the casting or rolling axis. This procedure
indicated that both the as cast and the warm rolled
materials were essentially isotropic. In addition to these
tests, specimens were tested at six dif ferent crosshead
speeds at rcca temperature to investigate the strain rate
sensitivity.

2. fliut. ~4 ~~~~~~~~~ ç~~~~~~j~~ testing

• Elevated temperature compression tests were
performed on the warm rolled specimens only. These tests
were conducted at six different crosshead speeds: 0.0051,
0.0127, 0.0254, 0.051, 0.127, and 0.254 ci per minute .
Addit ionally, nine temperatures were used ranging from room
temperature to 75Q0% • These tests were conducted to
evaluat, stress—strain behavior at elevated temperature,
strain rate sensitivity as ~ function of temperature , and
activatica energy as a function of temperature and flow
stress.
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Curing compression testing of any moderately ductile
material it is necessary to lubricate the specimens end
surfaces. This is done to minimize the barrelling of the
unloaded sides which is an indication of a triaxial state of -

stress. These unwanted stresses were almost completely
eliminated in this research by using teflon tape at low and
medium temperatures and molybdenum disullide spray at high
temperatures. A triaxial stress state developes as the
specimen length dimension becomes small compared to the
cross section. This effect was eliminated by ignoring any
data beyond an inflection point on the stress—strain curve,
characteristic of this phenomenon. Usually, this inflection
point occurred at a true strain of approximately 130%.
Since the Instron testing machine relies on the deflection
of a beam icr load measurements, compensation must be made
for this deflection in order to obtain accurate measurement
of change in specimen length. The test machine was loaded
with no specimen involved, and a spring constant of 454,000
New tons per cm was recorded . The resultant machine
deflection was subtracted from recorded specimen deflection.
This procedure resulted in more accurate measurements of
specimen length and cross section. The modulus of
elasticity could not be measured accurately, however, with
only this correction.
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Data was recorded on an automatic chart recorder
• 

. 

calibrated for the tests. This record gave load as a
• - function ci time, which was converted to true stress versus

true strain. Conversion was accomplished by listing load
and net change of length for the specimen and dividing load
by instantaneous cross sectional area . These results were
plotted, and the flow stress at a strain of 15% was used in
all subsequemt’ elevated temperature calculations.
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The warm rolled Al—17.Svt.%Cu alloy had a very fine,
dispersed microstructure wherein the A12Cu intermetallic
particles yen found to average about 1.2 microns in
diameter. This breaking—up of the skeletal structure of the
cast Al2 Cu led to a greatly increased strain to fracture but
re duced the yield stress. The max imum compressive stress
was only slightly effected, and hence there was a • six—fold
increase in toughness, as inferred from the area under the
stress—strain curve. Neither the cast samples nor the warm
worked samples exhibited any significant strain rate
dependence of the flow stress at room temperature; also no
anisotropic behavior was observed. The warm worked material
did display strain hardening whereas the cast materia l did
not. The cast specimens failed due to th. cracking of the
interuetallic skeletal structure, while the warm worked
material had no such structure wherein cracking would cccur.
At elevated temperature the flow stress of the warm rolled
material was found to be dependent on both temperature and
strain rate. At high temperatures the strain rate
sensitivity was found to approach values indicative of
superplasticity. The calculated activation energies show
th ree distinct regions of behavior, two of which correspond
to mechanisms associated with pure aluminum. The third
reg ion, at high temperature and low stress, was also
ind icative of the onset of auperplastic behavior. This
comhiaaticn of high room temperature toughness and
seperplasticity was considered a significant i.provement .
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A. NICIOS !IJOCTURAL CHARACTERIZATIO N

The effectiveness of warm working to refine the
• microstructure is dependent on temperature, strain rate, and

strain (Ref. 1). The finest particle size would be achieved
when the highest strain rate possible was used at the lowest
temperature permissibl, to induce as much strain as
possible. Figure 10 shows the microstructune of the warm
rolled Al—17.Swt.%Cu alloy at magnifications of 1300!,
2600!, and 80001. The average size of the Al 2 Cu
int.rmetallic particles was calculated to be 1.2 micrcns by
using the average lineal intercept method. Although this is
a relatively fine particle size, it is apparent that an even
finer micrcstraacture could be achieved if it were broken
into more of the sub—micron particles revealed at 2600! and
80001 magni f ication. It is generally accepted that this
refinement takes place by shearing of the intenmetallic
grain boundaries and plastic flow of the grains in general.
These mecharisms an. controlled during warm rolling by the
temperature and the strain rate. Additionally, grain growth
is controlled by temperature. It is apparent that a lower
temperature would result in a finer grain size for a given
strain rate . The grain refinement shown in figure 10 is by
no means the ultimate. A greater degree of control over
temperature , strain rate, and strain would be necessary to
achieve that goal.
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A.
13 5 OX

B.
260 DX

C.
sooox

Figure 10 — SCANNING ELECTRON HICROGRAPHS OF THE EARN
ROLLEE AL— 17.5Vt .%CU ALLOY AT VARIOUS HAG $IPICATICMS.
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B .  R O O B  T EH E ER A TU B E  P R O P E R T I E S

Figure 11 is a plot of true stress versus true strain
for the as cast material and the warm rolled material f or
tests at room temperature. These are representative curves
for each material. - - True strain was terminated at 100%,
although. scie warn worked specimens displayed strains in
excess of 140% before triaxiality voided the results. The
hardness ci each material was measured on the Rockwell B
scale. As—cast specimens exhibited hardness in the range of
Rb 55 to 60, with the warm worked specimens showing
approximately half that value. The yield point and maximum
compressive stress for the cast material were 321 HPa and

*19 IRa . Tb. yield point for the warm rolled material was
236 IRa. In both cases the modulus of elasticity, although
similar, was in error due to inaccuracies in computing
macbin, stiffness and settling. However, this had little
influence on other calculations. The maximum compressive
stress was taken at a strain of 100%. Beyond this strain,
tniazial conditions could influence the results.
Additional ly, it must be remembered that these results were
based on compression tests, where necking had no influence.
The maximum compressive stress for the warm rolled material
was 368 IRa at a strain of 100%. The strain—to—fracture was
one of the lost important mea sures of success in warm
rolling. The cast specimens averaged a strain—to—fracture

- of 16% whereas the warm roiled specimens rarely fa iled at
all. Toughness of a material is proportional to the area
under the stress—strain curve. Using this measure of
toughness and a final strain of 100% for the warm rolled
material, t here was a six—fold increase in toughness
produced by the warm working.
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Figure 11 - TRUE STRESS - TRUE STRAIN CURVES FOR $ A , AS
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Neither the as cast specimens nor the warm worked
specimens exhibited any degree of anisotropy in compression
testing. Jigures 12 and 13 are scanning electron
micrograpbs ci the microstructures of the longitudinal and

• transverse directions of each material. These micrographs
correlate with the test results of isotropic behavior.

The warm worked specimens exhibited strain hardening
which was absent in the as—cast condition. This strain
har dening was assumed to obey a simple power law curve .

(2)

N is the strain hardening exponen t, and K is a material
constant . When plotting the logarithm of stress versus the
logarithm of strain, the strain hardening exponent, N, is
the resultant slope. Figure 114 is such a plot which shows
data points for all yam rolled specimens at room
temperature for -strains- from 4% to 100%. A least squares
linear regression was performed, and the slope was found to
be 0.134. This would indicate that the onset of necking in
tension would occur at a strain of 13.4% and failure at some
higher strain (Ref. 4). This value is within the range of
commonly used structural materials. The brittle cast
material had been refined to exhibit strain hardening and
more ductility.
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A.

LONGITUDINAL AT 1600X

B.

TRANSVERSE AT 1200X

Figure 12 — SCANNING ELECTRON IICROGRAPHS 0? AL—17.5Wt.%CU

ALLOY IN THE AS CAST CONDITION.
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A.

LONGITUDINAL AT 1300X

B.
TRANSVERSE AT 1200X

Figure 13 - SCANNING ELECTRON MICROGRAPMS OF AL-l7.SWt .%CU

ALLOY AFTER WARN ROLLING TO A TRUE STRAIN OF 15 0%.
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One final note about the rod temperature properties is
in order. The failure mechanism of the as—cast specimens
was revealed by the scanning electron microscope. Figure
151 shows the microstructure of an as—cast specimen that
tailed during a compression test at room temperature. The
mecbanis. of failure was evidently crack propagation through
the brittle intermetallic skeletal structure. Nany cracks
can be seen in this microgr~ph. Figure 15B is presented for
comparison. This is a scanning electron micrograph of a
warm worked specimen that was tested in compression and did
not fail. It lacks the brittle structure that caused the
as—cast material to fail. - 

-

Generally, the warm worked material possessed properties
at room temperature that were more amenable to engineering
applicaticns tha n the as cast material. Enhanced toughness
was the major asset. It was obtained at the expense of
yield strength and hardness. The warm worked material also
exhibited strain hardening which was an added benefit. The
final product of this research possessed moderate strength
and high ductility at room temperature.
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A.

_________________________________ 
AS CAST AT 1600X

B.
WARM ROLLED AT l ’4OO X

Figure 15 — SCANN ING ELECTRON NICROGRAPHS OP AL—17.51t.%CU
ALLOT A FTER COIPRE SSION.
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C. ELEVATIL TEIPEBATUU PROPE RT IES

It was assumed at the outset that flow stress was a
function Cf strain rate and temperature. This vas not
unwarranted since aluminu, exhibits such behavior. It was
assumed, in particular, that this behavior would follow the
equation çiv.n (Ref. 5).

= X(o/E)il’M EXP(Q/RT) (3)

Sigma over A is the modulus—compensated stress, I is the
strain rate sensitivity exponent, Q is the activation -

energy, T is the absolute temperature, B is the gas
- 

constant, and K is a material constant. The strain rate
sensitivity exponent s N, was found by holding temperature
constant. It varied from 0.0 at room temperature to 0.27 at
755°K. Ibis latter value is indicative of the onset of
superplasticity. I values of 0.3 or greater are associated
with superplastic behavior (lets . 1 and 6). The activation
emergy, Q, was found by holding modulus—compensated stress
constant. lalues obtained for activation energy also
indicated the onset of superplastic behavior.
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The compr.ssive stress—strain curves obtained at
temperatures from 300°K to 755°K were analysed to generate
the flow streis—tempera tur. curves shown in figure 16. The
flow stress plotted was the stress at a true compressive
strain cf 15%. Bach of the six strain rates , correspondi ng
to the six ciossh.ad speeds, is represented by a single
curve. As suggested by equation 3, the flow stress was
inversely proportional to temperat ure and directl y related
to strain rate.

2. 
~ X 1 i~i liii ~ iniWYitt I~~~ua.t

Assuming again that equation 3 would describe this
material behavior and holding temperature constant , the
strain rate sensitivity exponent, I, would be the slope of
the logarit hi of stress versus the logarithm of strain rate
plot. Figure 17 shows this data plotted for each
temperature . A least squar es linear regression was
performed for each temperature which resulted in the strain
rate sensitivity exponent -s as a function of temperature.
These values are shown in figure 18. The exponents approac h
a value of 0.11 at 550°K and then approach a value of 0.3 as
the temperatu re approaches the melting point. This latter
value is indicative of the onset of superplastic beha vior.
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SYMBOL STRAIN RATE
+ - 1.8987XlO~~/s.c.

x - 1i.729~iX1O
- 9.~3692Xl O

- * - t.8987X10 /sec.
-

$ - 9.Je692Xl O~~/s.c,
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H
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T~~~ERATURE (K)

Figure 16 - FLOW STRESS - T~~~~~ERATURZ PLOT FOR A TRUE
STRAIN OP .15 FOR ALL SIX STRAIN RATES.
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Figure 17 - LOGARITHM OP FLOW STRESS VERSUS THE LOGARITHM
OF STRAIN RATE AT A CONSTANT STRAIN AND TEMPERATURE.
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Pigur. 18 - STRAIN RATE SENSITIVITY EXPONENT , M, AS A
FUNCTION OP T~~~ERATURE.
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3. I~~A!1t~Qn Ineroy

Figure 19 shows the modulus of elasticity, B, of
aluminum as a function of temperature (Ref. 7). In order to
eliminate the temperature dependence of the elastic modulus
from consideration and thereby obtain a true activation
energy for deformation, the modulus—compensated flow stress
was plotted as a function of temperature as shown in figure
20. This figure is ve~ry similar to figure 16 but shows a
greater variation of compensated flow stress between varying

- 
strain rates.

Figure 20. was then used to extract temperature —

strain rate data for constant modulus—compensated stress.
The natural logarithm of the strain rate was plotted as a
functicn of reciprocal temperature in figure, 21 from this
data . Frcm equa tion 3, it was observed that the resultant
straight line slope would be equal to the activation energy
divided by the gas constant . Twenty—two different values of
modulus—ccmpensat.d stress were used ranging from 0.00035 to
O.COlê. Each of these values resulted in one activation
energy; only some resultant curves are shown in figure 21.
In all cases a l.a.t squares linear regression was performed
to obtain the best slope. A distinct change of slope is
observed in figure 21.
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Figure 19 - MODULUS OP ELASTICITY VERSUS TEMPERATURE FOR
ALUMINUM PROM REFERENCE (7) .
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‘I.& SYMBOL STRAIN RATE
+ - 1.8987X1O~~/sec.

- - k.729LlX1O~~/sec.
* — 9.-11692X104/eec.
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~~~~~~~~~ 
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TEMPERATURE (K )

Figure 20 - MDDULUS*COMPENSATED FLOW STRESS VERSUS
TEMPERATURE FOR THE SIX DIFFERENT STRAIN RATES APPLIED .
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I.E XIR$—3 SYMBOL STRESS

- 

- - X - 3.5X1O~~
C a 6.5X1O~~

• - * -

• * - iSxlo-k

31 # -  2OX1O~~
$ 25XlO~~
x a 3OX1O~~
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a 35X1O~~
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NATURAL LOGARITHM OF TRUE STRAIN RATE (1/sec.)

Figur . 21 - NATURAL LOGARITHM OF THE STRAIN RATE VERSUS
THE INVERSE TEMPERATURE FOR A CONSTANT COMPENSATED STRESS
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The activation energies obtained from figure 21 were
plotted as a function of modulus—compensated stress, as
shown in figtre 22. This curve shows three distinct regions
of behavior. At high •odulua— compensated stress, above
0.0012, the activation energy was nearly constant with a
value of 27 ICal per mole.- This was roughly the value that
is associa ted with pipe diffusion in pure aluminum (Ret. 5).
it compensated stresses between 0.0006 and 0.001 the
activaticn energy rose to a value of 37 kCal per mole. This
value ccrrela tes well with the activation energy for self
diffusion in pure aluminum (Ref. 8). In pure aluminum these

— 
- arc the only two regions found. The drop observed in figure

22 at modulus—ccmpenaated stresses below 0.0006 has no
correlation with mechanisms in pure aluminum. This decrease
in activaticn energy is , however; associated with the onset -

of superplaiticity (Ref . 4) .

The activation energy was plotted as a fuacticn of

- 
- temperature for th ree different strain rates in figure 23e

Here again three regions of behavior were observed.
Additionally, a greater strain rate causes the temperature

- - to be higher before the mechanisms change. At the lowest
strain rate • the transition (to the activation energy
associated with the onset of superplasticity) occurs at a
much lover temperature than at the higher strain rates.
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D. DISCOSSIO$

A nearly ideal engineering material would have high room
temperature strength, with strain hardening and high
toughness , but it- would be easily formable at elevated
temperatures . This latter property has been the object
extensive resea rc h into superplasticity. Paw material
scientists have invest igated both rocm tempe rature
properties and superplasticity. This discussion will
present current researøh in these areas and the expectations
of further research.

Room tempe rature properties should be a major concern in
any research effort. This has not been the case, however,
in efforts t. achieve and understand superplasticitj . Field
stress is increased by several methods. Three of these
methods apply to microstructural refinement of a sutectic

• binary alloy. The Rail—Fetch relationship shows that yield
strength is inversely proportional to the grain size (Ref.
9).

a ~~a + x a ~~
’2 (‘4)

Sigma F is the yield stress, sigma i is the averag, yield
strength of a single grain, and £ is a material constant.
The grain size is given by 4. This indicates that a finer
grain size, which could be achieved by more warn rolling,
would result in a greater room temperature yield strength.

• The Rener—IcLean relationship indicates that a smaller
particl, size and a greater intermetallic volume fraction
would decrease the overall grain size (Ref. 10).

dR I 4 R /3F (5)

4 _____ 
57 

_______
I 

—

a - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - • - -_

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ ~~~~ 
-

‘
/ 

-~~~~~~~~~ 4



Mere , P is the volume fraction of intermetailic and B is the
average intermetallic particle size. The grain size , d , is
the result. This relationship indicates that the grain size
can ~e reduced by increasing the volume fraction or reducing
the particle size and results in a greater yield strength

- 

- 

- according to the Rall—Petch relationship. A third way to

improve the room temperature properties is shown by assuming
a dispersion strengthening relationship (Ref. 9).

a~~ :a 0 + ’4Gb/l (6)

The closest distance between particles is 1, The closest
distance between particles is 1, b is the burgers vector,

and G is the shear modulus. This relationship indicates
that the yield stress is inversely proportional to the
intermetallic particle spacing. The specific relaticnship

— 
for the war. rolled microstructure is unknown; however, all
such theories predict higher strength for a finer
aiczostructure. Summarizing, the room temperature yield
stress would be expected to increase with finer grain size,
great er intermetallic volume fraction, and a greater number
of intermetallic particles.

Presently, only one major research effort has been made
to correlate room temperature properties to superplasticity.

- 

- 

This research ma. done by Skerby on ultra—high—carbon steels
(1sf. 1). Ibis work produced what might be classed as a
super metal. At room teip.ratire it has the stren gth and
ductility of expensive super alloys, but at high temperature
it is superplastic. Re complete research of Al.Cu has been

done. Cabcca (Ref. 6) did report a roo. temperature yield
strength of  220 iPa is tension which compares veil with
theme results of 236 aPi in compression . Re als o reported
an ultimate tensile strength of 341 SPa at 19% elongation.

- - Since this research was done in compression , this compares
veil with results of 315 iPa at a true strain of 0.2. There
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is a need for more complete research in the area of room 
-

temperat ure properties as a function of grain size and

composition in th. warm worked state.

Superplasticity has b.ea a subject of major 
- 
research for

several years. The ability of a materia l to form easily
into complex shapes has become increasin gly important. One
of the most widely accepted requirements for this to occur -

is ultra fine grain size (lets. 1, 6, and 11). Additionally,

spherical grains seem to further enhance superplasticity
(Ref. 1). Although this phenomenon is being investigated

intensely, few researchers agree on the exact mechanism f or
this behavior. lskby and Verral (Ref. 12) have modeled data
for ssiperplastic behavior, claiming grain boundary sliding
with diffusicual accommodation as the mechanism, lost agree
that grain boundary sliding or shearing i. involved but
claim other accompanying mechanisms (Ref. 11 and 13). The
overridin g importance of grain size is acknowledged in all
theories.

Other researchers of the Al—Cu system hav e reported
findings consistent with the results obtained in this
research . Cab oon (let. 6) produced a slightly finer
microstructure which resulted irs strain rats sensitivity
exponents that approached 0.4. This compares well vit~ the
values approaching 0.3 achieved in this research prcgram.
Bolt and lackhofen (Ref. 11) worked with a 33wt.%Cu alloy
which resulted in strain rate sensitivities approaching
0.65. This value indicates complete superplastic behavior.
Only Cahoon riported some limited results for room
temperature properties.

I -

It would seem that both room temperature properties and
seperpla sticity can be enhanced by the same means.
Increasing the volume fraction of intermetallic and

• decreasing the grain size will achieve this end. Warm
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• micro str act ur , as possible would result in high yield
strength at room temperature mad extensive superplasticity
at high temperature.
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The facilities at the material science laboritor y were
sufficient icr ref ining the aluminum-copper microstructure
through warm rolling. Although close control could not be
exercised cver strain rate or temperature, there was
sufficient range in the alloy characteristics to overcome
this sbcrtco.ing . The micros tructure that resulte d was
composed of a fin , dispersion of inte r meta llic particles in
an aluminum matrix.

The roo. temperature properties which resulted from this
refined micrastruct uxe were an improvement over the as—cast
properties. This improvement was primarily in enhanced
ductility and the resultant increase in toughness. Jo other
researchers have reported these results, or for that matter,
have investiga ted these areas.

The onset of superplasticity was obtained in th. warm
rolled material. This has been the major effort of other
researchers. The resu lts obtained in this research
correlate veil wit h these other research efforts.

Although an analysis of room temperature properties
versus high timp rature properties for various compositions
and war , worked conditions was not accomplished , the
following effects would be anticipated. !i.ld strength
would increas, with a Liner microstructure. Ductility and
toeghiess would continue to increase with a greater degree
of warm working. Superplasticity at elevated temperature
would coat inse to increase a. more copp.r is added and a
finer g n u  sine is achieve d.
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It is recommended that a-heated extrusion press be used
in future warm working to insure the the greatest control
possible ove r the warm working conditions. In this way the
required .icrostructuri could be achieved and the resultant
properties asalys.d. This method would also produôe billets
readily usable for tensile testing, thus avoiding acme of
the pitfalls Cf compression testing.. The original goal of
this research program was not achieved. The ground work for
further research, however, has been laid. It is recommended
that this research continue with th. hope that an ultimate
warm working procedure can be deve~Lop.d which will result in
high room temperature strength, ductility, and toughness and
superplasticity at elevated temperatures.
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