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AB STRA CT

An Alum inuw— 18 weight percent Magnesiu m alloy was
0

prepared by cast ing and t hen  war m rolling at 425 C to

94% true strain . This al loy was compression tested at
six s t ra in  rate s from 0 . 0 0 6 6 4  per m i n u t e  to 0.332

S
per m i n u t e  and at eight tempe ra ture s rang ing  f r o m  25 C
to C. The most s i gn i f i c an t  result  is tha t  a, warm
rolled Aluminu m — l B  we igh t  percent Z i agnes ium a l loy  can
exhib i t  compr es sive s t r eng ths  in excess of 95 ks i, in
a ma terial of 10% lover densi ty  t h an  commercia l  h igh
strength Aluminum alloys. Furthermore , one  can
envision a thermal mechanical process involving warm /

working followed by cold working at room temperature

w here by one can attain an ultima te tensile strength
greater  than  90 ksi. Addi t iona l ly ,  superplas t ic
behavior  at elevated t empera tu re s  was man i fes t  in the
re la t ive ly  high va lue  of s t r a in  r a t e  s e n s i t i v i t y  and
by the  value of the  a c t i v a t i o n  energy fo r  d e f o r m a t i o n .

_________________ 
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I. INTRODUCTION

The objective of th i s  research project was to

investigate the metallurgical and mechanical properties of a

warm rolled proeutectic Aluminum—Magnesium alloy, f r o m  room
temperature to just below the melting point. This was done

with the hope that sufficient preliminary work could be

accomplished to promote future research at the Naval

Postgra dua te School in the f i eld of therm al mec h anical
processing of Aluminum—Magnesium alloys. Because of the

current need for high strength to weight materials in naval

ap p l ica t ions , the Aluminu m—Magnesium system was chosen. The

intent here was to reduce density and th us promote an

improvement in the strength to weight ratio over other high

strength Aluminu m alloys. Because so little research has

been done on Aluminum alloys containing greater tha n 10

weight percent Magnesium , and because an 18 weight percent

Ma gnesiu m a l loy w i l l  a f fo r d near l y  equal v o lu m e f r a c tions of
the two phases present, as seen in f i g u r e 1 , an 18 weight

percent Magnesium alloy was selected.

The warm rolli ng concept used in this project is the

same as that employed by Bly, Sherby, and Young (1) wherein

improved duc tility and strength were manifest in a eutectoid

carbon steel through warm rolling . The warm rollinq

procedure used in this project is that thermal mechanical

process in which a two phase system is heated to about 96%

of the absolute melting temperature and then deformed in a

rolling mill un til a true strain of approximate’y 100%, or

grea ter , is achieved. Bly, Sherby , and Young stated (1)

that th e ideal s tructur e wo uld be one of f inely  sp heroi d iz ed
par tic les , uniformly distributed throughout the matrix 
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this car bon steel. It  was  f o u n d  t h a t  d u c t i l i t y  co ul d be
increased f rom 1% to 10% and that the yield stress was

increased th rough  s t ra in  h a r d e n i n g  by about 35%. It was
these resul ts  wnich  p r o m p t e d  the  w a r m  ro l l ing  t echn iques
wi th  the  selected A l u m i n u m — M a g n e s i u m  s y s t e m .

Based upon the  results of B ly ,  Sherb y,  and Y o u n g  (1)  ,
one would  expe ct a w a r m  rolled A l u i n i n u m — 1 8  w e i g h t  percent
M a g n e s i u m  al loy to exh ib i t  a f i n e , t w o  phase s t ruc tu re
comprised of colonies of small (about 0.5 m icron)  beta phase
intermetallic particles dispersed in the Aluminum rich alpha

solid solut ion w h i c h  is r ead i ly  w o r k  h a r d e n a b l e  a t  room
temperature . This results from the constraints impo sed by

the f i ne  par ticl es, in this metastable solid solution , on
dislocat ion motion . F u r t h e r , one m i g h t  expect  to see t h e
onset of s upe rp l a s t i c i t y ,  as def ined  by S h er b y  (2)  , at

elevated temperatures. This is the result of the high

degree of s t ra in  ra te  s e n s i t i v i t y ,  observed at  h i g h e r
tempe ra tures , whic h was i n d u c e d  by t h e  i n t r i n s i c a l l y  f i n e
grain structure.

Though  this  research  p r o j e c t  has bu t  scra tched t h e
su r face  in a r e l a t ive ly  new f i e ld  of m e t a l l u r g y ,  w i t h

p ro foun d po tential , the original goal has more than just

been achieved. Now that the groundwork has been laid and a

basis has been established , it is recommen ded that research

in th is area be con tinue d, if not accelerated , to understand

fur ther the micro struc tural  phe nomeno l o g y ,  and to optimi:e

the therm al  mechan ica l  proc essin g of hi gh strength to weight

Aluminum—Magnesium alloys for the Navy of 
tomorrow. 9



II. E X P E R I M E N T A L  M E T H O D S

A. A L L O Y  SELECT IO N

An A l u m i n u m  a l loy c o n t a i n i n g  a p p r o x i m a t e l y  18 weight
percent  Magnes ium was chosen for  the  purpose of th is
investigation. The rationale behind this decision was that

al loys  conta in in g higher  w e i g h t  percentages of Magnesium

were too brittle. This brittleness precluded the attainment

of the desired 100 percent true strain during the warm

rolling process~ Lower weight percentages of Magnesium , on

the  othe r hand , a f f o r d e d  a lesser w e i g h t  pe r cen t age  of the
beta phase  in ternetal l ic  (Al 3 M g~ , and therefore strength

would  be be expected to be less t h a n  t h a t  found  in  al loys
with a greater Magnesiu m content . This relationship bet ween

the Aluminum rich alpha phase solid solution and t~ie beta

phase i n t e rm e t al l i c  can be seen in f i g u r e  1.

B. S P E C I M E N  P R E P A R A T I O N

All of the e x p e r i m e n t a l  m e t h o d s  descr ibed in t h i s
chap te r  were conducted  on spec imens  p roduced  and  p r e p a r e d  in
the  N a v a l  Postgr adua te  School ~aterial Science Laboratory.

I t  should be s tated at t h e  ou t se t  t h a t  due to the propensity
for  M a g n e s i u m  to burn at elevated te.npe ratures, and the

hazards of this type of fire (3) , considerable time was

expended in procedure development before useabLe samples

we re produced.
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Preliminary attempts at melting were done using small

a m o u n t s  (a few ounces) of A l u m i n u m  s t r i p s  and  M a g n e s i u m
t u r n i n g s .  These a t t e m p t s  i n v a r i a b l y  r e s u l t e d  in M a g n e s i u m
f i res , and all t h a t  r e m a i n e d  in t h e  c r u c i b l e  was  a mass of
A l u m i n u m  Oxide , M a g n e s i u m  Ox i d e , ari d some A l u m i n u m  meta l .
Th ese fires were the result of high temperature , the

presence of O x y g e n , and the large degree of surface area on

the Magnesium turnings.

In order to alleviate the latter two problems , a dry

Argon purge was used to reduce the amount of Oxygen p:es~ nt

in the furnace; also , pure Magnesium in the form of clean ,

r i g h t  c i rcular  c y l i n d e r s, 1 to 2 in c h e s  in  l eng th  a n d  0 .5  to
1 inch in d i ame te r  were  u sed .  W i t h  these  changes , cas t ings
could be made but were of poor quality due to casting flaws

and excessive dross. It was found that if the furnace

t e m p e r a t u r e  was kept  too low , ve ry  l i t t l e  m i x i n g  could be
accom pl i shed  w i t h o u t  the me l t  b e g i n n i n g  to  s o l i d i f y .  If the

temperature was too high , there was a noticeable increase in

the  porosi ty  in the castings. Thus an optimal furnace

t e m p e r a t u r e  of 750’ C was used f o r  c a s t i n g  purposes .

The excessive dross , m e n t i o n e d  a bove , is caused by  t h e
o x i d a t i o n  of the hot m e l t .  By applying a proprietary flux

(“ C o v e r a l l  *33F?” , purchased  f r o m  the  In d u s t r ia l  ? ou n d r y
Supply Co., Oakland , Calif.) produced especially for

Aluminum—Magnesium alloys , the formation of the dros s was

nearly eliminated.

Fina ll y ,  by the eighth casting, an acceptable sample

relatively free of impurities and casting flaws was

produced .  To achieve  th i s  end , the  s t ep  b y  s tep p rocedure
provided in Appendix A was used and basically involves the

following: The Carbon crucible (approximately 9 cubic inches

in volume) was preheated at 250°C for one hour to ensure

that adequate outgassing had occurred . The crucible was

11



t hen  r emoved  f r o m  the w a r m i n g  f u r n a c e , charged  w i t h  A l u m i n u m
(grea te r  t h a n  .999 pure)  in the  f o r m  of 0 . 5  to 1 inch
cubes. The crucible was then placed into the preheated

electric furnace shown in figure 2. A dry Argon purge of

a p p r o x i m a t e l y  two s tandard  cubic feet  per h o u r  was bled in to
the furnace at the commeiceinent of preheat and continued

t h r o u g h o u t  t he  m e l t i n g  proced ure. As m e n t i o n e d  ear l ier ,
t h i s  was done in o rder  to  reduce  the  O x y g e n  con t en t  w i t h i n
the  m e l t i n g  t’urnace.

In about  one hour  t h e  c r u c i b l e  w i t h  t he  mol ten  A l u m i n u m
was removed f rom t h e  f u r na c e  and f l u x e d  with about 0 . 2  ounce
of “C overa l l  *3)~’F” . Pure  M a g n e s i u m  in the  f o r m  men t ion ed
above  was t hen  submerged  in the  mol t en  A l u m i n u m , using
s ta in less  steel to ngs u n t i l  it too had  me l t ed .  The crucible
was th  r e t u r n e d  to the  f u r n a c e .

After about half an h our , the  c ruc ib l e  was w i t h d r a w n ,
and the melt was again fluxed with approximately 0.2 ounce

of “Coverall *33??” and carefully stirred . The accumulated

dross was then removed from the surface of the melt using

the stainless steel stirring rod , and the  c r u c i b l e  was
r e t u r n e d  to the  f u r n a c e  and allowed to stabilize with the

f u r n a c e  t emp e r a tur e .  At  t h i s  po in t  the  m e l t  was r e m o v e d  ari d
was r a p i d l y  cast in to  the 1 inch square by 12 inch bronze

mold , shown  in f i g u r e  3. This mold was fabricated in the

M e c h a n i c a l  Engin ee r ing  m a c h i n e  shop and w a s  cons t ruc t ed  wi th
a l o n g i t u d i na i  sp l i t  to f a c i l i t a t e  r e m o v a l  of t h e  cas t ing
when cooled .

12



~1hen pouring was complete , the mol d was rapidly quenched

to ambient temperature by immers ing  it in a l a rge  conta iner
of wa ter. This was done to promote the finest possible

m i c r o s t r u c t u r e  pr io r to the  warm ro l l ing  process . The
casting was then sent to the machine shop for cutting into

quart ers about the longitudinal axis, an d tr i m m i n g in to
samples of un i fo rm cro ss section, about 0.110 inch on a side

an d roughly 3 inches in length.

Following density measurements , on e sample  wa s r eta ine d
f o r  test ing in the as cast condition , and the remainder were

placed in a warming furnace hea ted to 425°C. This is 26° C

below the eutectic temperature.

The specimen s were equilibrated at this temperature and

the billets were then passed thro ug h the rolling mill shown

in figure 4. These passes were  made at a rate of 2 inches

per minute and a reduction of O.0C5 inch per pass. The

billets were rotated a quarter of a turn after each pass in

an a t t e m p t  to achieve  u n i f o r m  w o r k i n g  and to m a i n t a i n  a
square  cross sect ion. The billet was returned to the

warmin g furnac e, shown in figure 4 , after passes at one

thickness setting and allowed to stabilize . The rolling

mill was adjusted to the next lower thickness setting, and

a n o t h e r  f o u r  passes were  m a d e .

A l t h o u g h  the i n t e n t  was  to a c h i e v e  a m i n i m u m  of 100%
tru e stra in  by w arm r o l l i n g ,  the procedure was terminated at

approximately 94% true strain. This was done because fine

cracks began to appear on the surface of the roLled billets.

It is believed that this crack ing is the result of the hot

bil le ts  coming i n to  a b r u p t  con t ac t  w i t h  the  a m b i e n t
t e m p e r a t u r e  ro l le rs, t h u s  g iv i n g  rise to s eve re  t h e r m a l
g rad ien t s  at  the surface. This effect could be reduced or

possibly eliminated if the rollers were maintained at the

13



w ar ~’ r o l l i n g  t e m p e r a t u r e , or better yet  if the  bi l le ts  were
f o r m e d  in a hot e x t r u s i o n  process w h e r e  the  e x t r u s i o n
tooling was m a i n t a i n e d  a t  t h e  proper  t e m p e r a t u r e .

Fol lowing  the  wa rm r o l l i ng pr oce dure , the billets were
cut and trimmed into parallelpiped shaped test specimens

roughly 0.35 inch  in l e n g t h  and  0 . 2 5  inch on a side. At

th i s  point the specimens were ready for testing .

C. E Q U I P M E N T  D E S C R I P T I O N

All mechanica l testing was conducted on the Instron

~iodel TT—D floor model testing machine shown in figure 5.

This m a c h i n e  is capable of applying and recording loads up

to 20000 pounds with crosshead speeds from 0.002 inch per

m i n u t e  to  20 inches per m i n u t e .

The compression test a s s e m b l y ,  ad a p t e d f rom an o r i g i n a l
design by Drs. C. Y o u n g  and  D. B l y ,  S t a n f o r d Jn i v er s i t y ,
was designed to be compatible with the Instron testing

machine. The compression assembly shown in figure 6

consists of a one inch diameter Haynes 188 punch and a three

inch outside diameter Inconel cylinder with a 1.010 inch

bore. The punch fits inside the test cylinder and slides on

two mach ined  lands ins ide  the  c y l i n d e r .  Both t h e  punch  and
the cylinder head have machined recesses to accommodate the

two Tungsten Carbide platens above and below the test

specimens. Beca use the specimens were tested at elevated

tempera tures , a special support ri ng and three retaining

springs were constructed to hold the upper platen in place.

To conduct the compression tests at various temperatures

the Mar shall spl i t fu rnace in f i gure 7, capable of

tempe ratures to 1200’ C , was utilized. Control of the

14



furnace was provided by a Model *49 Omega proportioning

control unit. Temperature varia nce was limited to ±5°C. In

addition , a Chromel—Alume l thermocouple provided a backup

tempera ture moni torin g ca pabi l ity th rough  a Lee d s Nor thru p

model *8690 millivolt potentiometer.

D. TEST PROCEDURE

A total of 211 specimens were tested at eight

tempe ratures , f rom 25°C t~ 425° C, and at six crosshead

speeds from 0.002 inch per minute to 0.100 inch per minute.

It should be noted that each specimen was used for two

different strain rates. The test apparatus was brought to

the desired temperature and allowed to stabilize before

placi ng the specimen in the c om pre ssi on c h a m b e r .

In order to reduce the effects of transverse stress

(ie., triaxiality) induced by the friction between the

speci m en and the pla tens dur in g co m press ion , comm ercial
grade Teflon tape was applied to the contact surfaces of the

specimen for tests at temperatures up to ioc~ C. Above this

temperature a commercial high temperature lubricant

containing Molybdenum Disulfide was applied.

A mac h ine curve was genera ted in ord er to det ermin e the
intrinsic load—deflection characteristics of the Instron

test machine. The results of this test indicated a spring

constant of 250,726 pounds per inch.

15



E. M ICROSCOPIC A N A L Y S I S

In order to analyze the mic rostructural an d topological

characteristics of the three types of samples , ie., as cast,
warm rolled , and post compress ion  test , spec imens  were
prepared for microscopic analysis. Samples to be analyzed

were trimmed to about 0.25 inch on a side and then abraded

on successively finer sheets of emery paper to 3/0. The

specimens were then polished b y ha nd using slurries of
Alumina and water on a stationary polishing cloth. The

final grit size was 0.05 micron.

The specimen s were etched with a 5% hydrofluori c acid

solut ion in accordance w i t h  the  procedures  set f o r t h  in
reference 11. The specimens which were to be analyzed in the

Scanning Electron Microscope (SEM) were attached to S5t!

mounting stubs with conductive paint. The specimens were

then placed in the S11-10 Stereoscan Scanning Electron

Microscope seen in figure 8 (Cambridge Scientific

Instruments Limited) . Using magnifications of 610X to

13 ,000x, the surface of the three spec imen types were viewed

and photographed .
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The photomicrograplis were examined with the quantitative

microscopy techniques “grain Boundary Intercept” and “Lineal

Fraction ”, as described in reference 5, to dete r m i n e  the
av erage grain sizes and vr~luwe fractions of the two phases

presen t.

Because the Scanning Electron Microsco pe is capable of
providing an energy dispersive X—ray analysis through the

PGT—1000 Micro Analysis System (Princeton Gamma— Tech) shown

in figur e 8, a check for impuri ty elemen ts was also made
using the Pulse Height Analyzer mode of opera t ion .
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III. ~~~~ A N D  ~~~~~~~~~~

A. MICROSTEUCTURAL ANAL YSIS

The rnicrostructure of the as cast alloy is shown in

figure 9, which is a photoinicrograph taken at a

magnification of 6101 on the Scannin g Electron M icroscope
(SEN) . One can observe that the beta phase intermetallic

has been preferent ially attacked , and there appears to be a

homo geneous distribution of these la rge  part icles t h r o u g h o u t
the Aluminum rich alpha phase solid solution. Fi gures 10 ,

11 , and 12, taken at 1,2001, provide a further Look at the

size, shape , and distribution of the interme tallic phase in
the solid solution matr ix. By applying the quantitative

techniqu es mentioned earlier, these three figures revealed

an average particle size of about ten microns and a volume

percentage of about 23% beta phase. The 23 volame

percentage beta corresponds to the equilibrium amount

predicted from the phase diagra m (figure 1) using the warm

rolling temperature of 425’ C. Furthermore , the well
roun ded, irregularly shaped particles apparent in figures 13

an d 111 correspond to the description of this intermetallic

given in reference 6.
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Figures 15 through 18 are SEll photomicrographs at

magnifications up to 13 ,0001 shoving the results of the warm

rolling process. In figures 15 and 16 one can see the very

fine in termetallic particles distributed in clusters

throughout the alpha phase solid so lu t ion .  It also appears

tha t some particles have forme d pr eferen tially alon g the
alpha solid solution boundaries as observed in figure 16.

Figure 18 is a SEM photomicrogra ph tak en at a
magnification of 13 ,0001; and although the resolution at

this ma gnification is poor, one can observe that the

particles are extremely fine (about 0.145 micron average) and

inhomo geneous in shape and relative size.

B. AMBIENT TEMPERATUR E HARACTERISTICS

The results obtained from the compression testing of trie

warm rolled material were most gratifying . To begin with , a

comparison was made between the as cast and the warm rolled

ma terial. The results of this compa rison are provided as

figure 19. Though the yield stress for each material is

about the same , the flow stress (for a true strain of 0.21)

is about 30% greater with the warm rolled material.

Furthermore , one can see that by warm rolling the as cast
material and th en cold wor king it to a true strain of about
0.30, one can achieve compressive strengths in excess of 95

ksi. The profound significance of these results is that one

can envision a thermal mechanical process which would

include an optimal degree of warm rolling and subsequent

cold working wherein ultimate tensile strengths of 90 to 95

ksi can be achieved in a material which is less dense than

commercial high strength A luminum alloys. The combination

of the high strength and less dense characteristics would
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yield about a 20% increase in the strength to weight ratio

over the conventional 7075—T6 type Aluminum alloys currently

in use. In addition one would expect good toughness

proper t ies  due to the  s t r o n g l y  work h a r d e n a bl e
characterist ics of this material.

C. EL EVATED T E M P E R A T U R E CH A R A CTE R I STI CS

The e f fec t s  observed in the com pression testin g of this

material at various temperatures and strain rates are shown

in figures 20 and 21. These plots clearly demonstrate a

tendency towards s t ra in  s o f t e n i n g  at t e m p e r a t u r e s  a b o v e  24 5’

C. This character is t ic  w i l l  be discussed in g r e a t e r  detail
la ter  in th i s  chap te r .  By u t i l i z i n g  the  i n f o r m a t i o n  f r o m
these f igures , a plot of f l o w  stress (at  0 .15  t r u e  s t r a in )
versus t e m p e r a t u r e  was gen erated in order  to obse rve  the
temperature and strain rate dependence on flow stress.

Figure  22 provides the  r e s u l t s  of th is  e x a m i n a t i o n .  It is
quite apparen t that fo r  t e m p e r a tu r e s  be tween  185’ C a n d the

melting point there exists a cha racteristic pattern between

flow stress, temperature , and strain rate. Between C and

150 C, on the other hand , it appears that there loss exist

some degree of s train a g i n g  occurr ing  w h e r e i n  t h e  ~l a g n e s iu w
atoms in the alpha phase solid solution are inhibiting

dislocation motion . This  is m a n i f e s t  in t h e  slig~i t  increase
in f low stress wi t h a smal l  increase in  t e m p e r a t u r e  in th i s
region . This was also evidenced by the  Por tev in-LeCha tl i e r
effect (serrated flow c u r v e s )  wi tnessed  d u r in g  compress ion
testing in this particular tempe rature range.
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The next step taken in the characterization of this

mate r i a l  was to e v a l u a t e  t h e  degree of s t r a i n  h a r d e n i n g  and
s t ra in  r a t e  ~~ n si t i v i t y  exh ib i t ed  by t h i s  a l l o y  unde r
v a r y i n g  t e m p e r a tu r e  c o n d i t i o n s .  Dieter (7) describes the
relationshi~, between true stress and true strain as f o l l ow s :

cr= (
~

)

w here Q is the true stress; £ the true strain; K, the

strength coefficient; and n is the strain hardening

exponent. By applying a least squares fit of a power curve

approxima tion to the stress—strain data obtained for various

tempe ratures , figure 23 was  p roduced .  On e  can obse rve  tha t
for temperatures of 100°C and below this material is quite

ductile and very work hardenable as the ii values of 0.35 to

0.40 would indicate. Based upon the tensile instability

concept from Dieter (7) , one would expect a un iform
elong ation of €. = 0.140 before the onset of necking. I t  is

because of this that one ‘can envision a therm al mech anical
process in which the material is first warm rolled and then

cold worked to a true strain of 0.30. One would logically

expec t this material to have 0.10 more uniform deformation

remaining with an ultimate tensile strength upwards of 95

ksi.

In an a t t e m p t  to determine the extent of superplasticity
e x h i b i t e d  by this material, the f o l l o w i n g  e q u a t i o n , also
from Dieter (7), was utilized:

(2)

Here again Q is the true stress, ~. is t h e  s t r a i n  ra te , C
is a constant, and m is the strain rate sensitivity

ex ponent. Again , a least squares fit to a pow er curve
approxima tion was used in determining values of m at various

temperatures. A look at figure 23 shows that for
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0
t e m p e r a t u r e s  above  about  300 C , m values between 0.30 and

0.140 were achieved . Since superplastic metals and alloys
g e n e r a l l y  exhibi t  s t r a i n  rat e s e n s i t i v i t y  e x p o n e n t  (m )
values in the range of 0.40 to 0.60, as stated in reference

(2) , it appears that superplastic behavior was achieved.

Equa tion (2) is on ly va l i d for  a specif ied constan t

temperature , so in order to analyze the interrelationship

between flow stress, strain rate, and temperature , the

f o l l o w i n g  equa t ion  f rom S h e r b y and  B u r k e  (8) was utilized:

t/f~fl

6 K (°/~) exp(-c~/RT’)
aga in is strain rate, ~/E is modulus compensated flow

stress, Q is the activatio n energy for dislocation motion , T

is the absolute temperature , H is the U n i v e r s a l  ~as

Constant , m is the strain rate sensitivity, and K is a

constant. The use of equation (3) seems to be proper in

that Meyers , Sh y n e , and Sherby (9) have demonstrated that

Aluminu m and Aluminum alloys adher e to this formulation.

In order to investigate the cogency of this argument for

this ma terial, modulus compensated flow stresses were

generated using the information from figure 214, w hich plots

the dynamic elastic modulus for Aluminum versus temperature.

Following th is, a plot was constructed of the natural log of

strain rate rersus the reciprocal of absolute temperature

f o r  v a r i o u s  values  of modu lus  c o m p e n s a t e d  f l o w  stress.
These results are shown in figure 25.



One would expect that for equation (3) to be valid , the

plots in figure 25 should, be linea r, w i t h  slopes equal  to
—Q/R , but figure 25 does not bear this out. Because of the

consistent pattern observed , which varies from that of a

straight line, a nonlinear relationshi p is depicted. It is

believed that this variance from a straight line function

can be attributed to several factors. First , t h e  f r ac tion
of the beta phase present is a function of temperature.

This results because the concentration of Magnesium in the

alpha phase solid solution also varies with temperature.
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Barrett , Nix , and retelman (10) have shown that under

equilibrium conditions the fraction of impurity atoms

present in the alpha solid solution can be expressed by

equation (4)

C~ =e xp(-t~E/kii (4~)
C~ is the concentration of Magnesium atoms in the solid

solution , AE is the change in energy associated with the

a d d i t i o n  of M a g n e s i u m  a toms  to the  a lpha  solid s o l u t i o n , k
is Boltzmann ’s constant , a n d  T is the absolute temperature.

Now by a p p l y i n g  t h e  lever  ru le  to t h e  t i e  line p r i n c i p l e  in
c o n j u n c t i o n  wi th  f i g u r e  1 , the  f r a c t i o n  of be ta  phase
present  can be expressed a s  f o l l o w s :

f - ______ C, — ex p(_AE/kT) (
~P C~ - 

— 

C~ 
— e > 9(- AE/kT)

Here , C, is the  over all i a g n e s i u m  c o n c e n t r a t i o n , C,~ is the
concen t r a t i on  of ~lagnesium in the beta phase, and is the

f r a c t i o n  of beta phase .  A ~r ap h i c  r e p r e s e n t a t i on  of thi~
ana lys i s  is provided in f i g u r e  26 .

It is believed tha t  it is t h i s  i n t e r r e l a t i o n s h i p  be tween
the  a m o u n t  of beta p h a s e  present  a n d  hence  the  a m o u n t  of
M a g n e s i u m  present in the alpha solid solution which leads to

the observed dev ia t ion  f r o m  a l i n e a r  fit in figure 25.

Second , there exists a possibility that the variable true

stress p l ays  more of a role  tha n t h a t  suggested in  e q u a t i o n
(3) . T h e r e f o r e  one m i g h t  expect t h a t  e q u a t i o n  (3) could  be
more correc t ly  w r i t t e n  in t h e  f o l l o w i n g  m a n n e r :

V~(f~)cr)((Tk) ex p (-~/PT~ ((a)

w h e r e i n  the f u n c t i o n  g ( f p ,~~~) is a p a r a m e t e r  d e p e n d e n t  upon
the  f r a c t i o n  of beta p h a s e  p resen t  ( w h i c h  in i t s e l f  is a
f u n c t i o n  of t e m p e r a t u r e )  a n d  also d e p e n d e n t  on s tress as

2(4



h i g h e r  stress w o u l d  in f a c t  p r o m o t e  a f in e r  p a r t i c l e  s ize.
R e c a l l i n g  the  st ra in  s o f t e n in g  p h e n o m e n o n  obse rved  in
figures 20 and 21 , w h i c h  was  m a n i f e s t  in a c o n t i n u o u s
decrease in stress w i t h  i n c r e a s i n g  s t r a i n  at  e l e v a t e d
t e m p e r a t u r e s , it becomes a p p a r e n t  t h a t  t h i s  m a t e r i a l  was
undergoing microstructural changes while the test was in

progress .  So no t  o n l y  is t h e r e  a c on t i n u o u s  c h an g e  in t h e
f r a c t i o n  of beta phase  p r e sen t  du e  to t e m p e r a t u r e , but  t h e r e
appears  to be a d d i t i o n a l  p a r t i c l e  r e f i n e m e n t  w h i l e  t es t ing
is in progress.  I t  is th i s  c h a n g e  in I n i c r o s t r uctu r e  wh ich
leads to the  a n o m a l o u s  b e h a v i o r  of t h e  a c t i v a t i o n  energ ies
seen in f i g u r e  25.
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D. FOLLOW ON ANALYSIS

In an attempt to better understand the microstructur al

dynamics during the compression testing phase , one of the

test specimens , which was tested at 425 C and at the lowest

strain rate used , wa s prepared and analyzed microscopically.

Figures 27 through 30 are SEM photomicrographs taken at

magnifications up to 12 ,500X of the above specimen. By

comparin g figures 27 and 28 to figures 15 and 16 (nearly the

same magnifications) , one may ob serve the striking changes

evident in the inicrostructure of this post test specimen.

Although the beta phase particles have enlarged (to an

a v e r a g e  s ize of about  1 mic ron )  , they are spread more

uniformly thro ughout the alpha solid solution , providing a

microstructure wit h enhanced hoinogeniety. Figures 29 and 30

show t h a t  t he  very  f i n e , n o n u n i f o r m  par t ic les  observed in
f i g u r e s  17 and 18 have  coalesced into somewhat  lar g e r , mo r e

un if orm , splieroidized pa rticles. Thus it is obvious that

the structure has in fart changed during the course of the

testing.

Base d upon Bly, Sherby, and Young ’s (1) comments

regarding a fine , spheroidized microstructure , it appears

that this material approaches those ideal microstr uctural

proper t ies  which  p r o v i d e  ~or enhanced m e c h a n i c a l  p r o p e r t ie s
of incr eased strength and duc tility. These properties are

attainable through optimal thermal mechanical processes.

26



IV. CONCLUSIONS AND RECOMMENDATI ONS

A. C O N C L U D I N G  C O M M E N T S

In concluding this research project there are two

r e a l i z a t i o n s  of u t m o s t  s i g n i f i c a n c e  w h i c h  cannot  be over
e m p h a s i z e d .  The f i r s t  is tha t  even  t h o u g h  r u d i m e n t a r y  in
na ture , the thermal mechanical process applied to this

A l u i u i n u r n — 18  weight  percen t  M a g n e s i u m  a l loy  pro vid ed  e x c i t i n g
resul ts .  Spec i f i c a l l y ,  a 2 0 %  improvement in the strength to

w e i g h t  r a t i o  over commerc i a l  h igh  s t r e n g t h  A l u m i n u m  a l loys
is ach i evab l e , not to m e n t i o n  e n h a n c e d  d u c t i l i t y  a n d
toughness character istics. The second realization is that

the aiicrostructure of this two phase proeutectic alloy can

be controlled through thermal mechanical processirt;, leading

one to expect that there does exist an optimum combination

of t h e r m a l  mech an ical h i s to ry  and  m e t a l l u r g i c a l  :ompo ~~i t i o n
which  will  result  in the  o p t i m u m  high strength to weight

A l u m i n u m — M a g n e s i u m  a l loy .
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B. R ECOMMENDATIONS

It appears that the su rface has just been scratched and

t h a t  there  is m u c h  wor k  to be done if t h a t  o p t i m u m
microstructure is to be found. It is therefore heartily

recommended that this effort not stop here but continue at

an accelerated pace in an endeavor to find the optimum

microstructure to provide that hi;h strength to weight

mate r i a l  so much a necess i ty  in t h e  N a v y  of today .
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Figure  1 — AL UMINU M—MAGNESIUM PHASE DIA GRAM .
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Figure 2 — ME LTING F U R N A C E A N D  C L A Y  G R A P H I T E  C R U C I B L E .
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F igure  3 — SPLIT  B R O N Z E  MOLD , 1 I N C H  S Q U A R E  BY 12 I N C H E S .

31



~ur: ~ 1J ’j : ~i
~~~~~~~~~~~~~~~~~~_ = —~ LLJ~ ~

~~~~~~~~

F igu re  (4 — W A R M I N G  F U R N A C E  A N D  R O L L I N G  M I L L .
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Figu re  5 — INSTRON MODEL TT—D FLOOR MODEL TESTING MACHINE.
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F i g u r e  6 — SPECIAL COMPR ESSIJN TEST ASSEMBLY WITH SUPPORT

RING AND RETAINING CLIPS.
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Fi g u r e  7 — M A R S H A L L  SPLIT F U R N A C E .
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Figure 8 — S4—1O STERE3SCAN SCANNING ELECTRON MICROS COPE

WITH P GT — 10 00 I I C R O  A N A L Y S I S  S Y S T E M .
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Figure 9 — SEM PHOTOGRAPH OF AS CAST MATE RIAL , 610X.
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Figure 12 — SEN PHOTO3RAPH *3 OF AS CAST MATERIAL , 1 ,200X .



Figure 13 — SEM PHOTOGRA ? .9 *1 OF AS CAST MATERIAL , 2,4O.)X .
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Fig ure  17 — SEM PHOTOGRAPH OF W A R M  R O L L E D  M A T E R I A L , 6 , 3 00 X.
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APPENDIX A

ALUMI N U M — M A G N E S I U M  CAST ING P R O C E D U R E S

0
1. Outgas  carbon c r u c i b l e  for  one h o u r  at 250 C.

2. Charge crucible with Al u~ inu~~, and place it in
0

furnace preheated to 750 C ari d continuously flushed with dry

Ar gon.

3. In about one hour rer~ove cruci b le , st~.r and flux

with about 0.2 ounce of “Coverall *33FF. ”

4~ Subm erge  t h e  M a g n e s i u m  pieces in to  t h e  mol ten
A l u m i n u m  w i t h  s ta inless  steel  tongs .  R e t u r n  c r u c i b l e  to
f u r n a c e .

5. In about  t h i r t y  m in u t e s  r e m ove  c ruc ib le , a g a i n  f l u x
wit h 0 . 2  ounce of “Covera l l  *33FF” a n d  c a r e f u l l y  5 ti r .

6. Remove  dross f r o m  s u r f a c e  wi th  stainL3ss steel

scoop ; r e t u r n  c ruc ib le  to  f u r n a c e .

7. In a p p r o x im a t e l y  t w e n t y  minutes remove crucible, and

pour  mel t  in to  mold .  
-
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