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FOREWOKD

This report was prepared by the Rengselaer Polytechnlc
Institute, Troy, New York, under Supplemental Agreement Number
2 (5-51-1012) of Contract Humber W33-038-a0c-225U42 and Research
and Development Order Number 605-230, "Improved Magnesium
Alloys®. The administration of this work was under the Materials
Laboratory, Directorate of Research, Wright Air Development
Center, with Mr, J. C. McGee acting as project engineer. This
report summarises the progreas on megnesium alloy research up
to 31 January 1952 under the above contract.
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ABSTRACT

Diagrams are presented to show the congtitution at 500° ana
700°F for the magnesium-lithium-aluminum and magnesium-1ithium
-zlnc alloy systems. These diagrame were determined mainly by
micrcscoglc examlnation of alloys quenched from elevated tempera-
tures. orrosion and loss of lithium prevented the succesaful
use of z-ray diffraction and eleectrical reslsetivity measurenments
at elevated temperatures. The solubility for aluminum and for
zlne was less at 500° than at 700°F but the golubility for
lithium was almost the same a%t these two temperatures.

The study of dilute magnesium alloys found a good combination
of propertles for maegnesium-1.0% zinc-0.4% cerium. The addition
of cerium refined the grain structure and introduced a small
amount of a sscond constituent. The best properties were obtained
with a fine equiaxed grain structure produced by warm rolling and
annealing just above the reerystallization range. These conditions
of structure and propertles were not obtainable by a single eyecle
of cold rolling and annealing.

Bingle erystals of high purity magnesium were grown by con-
trolled solidification in a gradient furnace. The furnace and
the meld remalned stationary and only the temperature gradient
moved. The conditions of growth were found to be more oritical
for single crystals of magnesium~aluminum and magnesium-zine
alloys. No alloy single erystals were produced but favorable
conditions for their growth were approached. Causes and remedies
are discussed for the failure to produce magnesium alloy single
erystals. :
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INTRCDUCTION

This program was devoted to a study of three different types
of magnesium alloy research:

I Constitution of alloys in the s0lid state in %he
magnesium corner of the magnesiumelithiumealuminum
and maghesium-lithium-zine alloy systems.

II Development of magnesium alloys with & low alloy
content for high ductility sheet.

II1 8tudy of single oryetals of magnesium alloys.

Therefore, the experimental work and results are reported in three
separate sections.

The objectives in the constitutional dlagram study were the
identification of the phases and the locations of the phase
boundaries at 500° and 700°F in the magne sium-lithium~aluminum
and magnesium-lithium-zinc.alloy systems. The methods chosen
for this study were microscopiec examination, x-ray diffraction
studies at room and elevated temperaturee and eleetrical resisg-
Tilvlity measurements at high temperatures. Oxidation and loss of
ilthium could not be prevented at high temperatures so that
microscopliec examination of quenched alloys was more useful than
the other methods.

The objective of the dilute alloy study was to develop
magnesium alloys with a good combination of etrength, toughness
and formability but with a total alloy content of about one
percent. Various combinations of hot, warm, straight and eross
rolling were to be trled but limitations of the rolling equipment
prevented an investigation of the effects of cross rolling. It
was believed that the optimum properties of magnesium alloys
would result from such mechanical treatments followed by a heat
treatment to produce an extremely fine equlaxed graln structure.

The development of a method for growlng large single crystals
of magnesium alloys was the first objective in the third portion
of thls progrem. Orystals, free from surface and internal defects
and of large size, were desired for a fundamental study of the
behavior of individual alloying elements in strengthening magnesium,
After these studies with elements of high solid solubility such
as aluminum, zinc and cadmium, 1% was planned to extend the work
to other elements.
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SECTION I

TERNARY MAGNESIUM-LITHIUM BASE CONSTITUTIONAL DIAGRAMS
MAGNESIUM-LITHIUM-ALUMINUM AND MAGNESIUM-LITHIUM-ZINC

INTRODUCTION

Considerable interest in the constitution of magnesium
~1ithium base alloys was stimulated sven befors Jacksonl and
his assoclates published their results on the general
characteriastics of these alloys. The purpose of thig study was
to obtain data for the preparation of the phase dlagrams for
magnesium~lithium base alloys in order to aild the furither
development of magnesium alloys with a high strength-weight
ratlo and with good atability. This initial work was concentrated
on the constltution of alloye in the magnesium corner of the
magnesium~-llthium-aluminum and the magnesium-llthium-zine alloy
systems and to temperature levels of 500° and 700°F,

PREPARATION OF MAGNESIUM-LITHIUM TERNARY ALLOYS

Selection of Alloy Compositions

The compositione of the firat series of these alloys were
chosen arbiltrarily since no equillibrium data were available for
these ternary systems when this work wag started. Thess first
composltions represented inereasing amounts of aluminum or of
zlne added to the chosen magnesium~lithium ratios. The study of
these alloys showed the epproximate location of the phase
boundarieas and guided the choice of addltional alloya. As the
knowledge of these alloy systems increased, compositions were
chosen closer and closer to the phase boundaries in order to
locate their position as accurately as possible.

A total of 306 alloys was prepared for thls work. The
intended composition of these alloys, the chemical analysis of
alloys near phase boundaries and their congtitution are given
in Appendix I in Table XXI for magnesium=11ithium-aluminum
alloys and in Table XXII for magnesium-lithium-zine alloys.

1. References are listed in the bibliography.
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Chemical Analysis of SBelected Allovs

The actual compositions were determined by analysls for
those alloys which were found to be near phase boundaries at
500° or at 700°F. The methods for these chemlical analyses
were in accordance with those recommended by The Dow Chemlcal
Company. Initial determinations of lithium were made by the
gravimetric method but a majority of the lithium analyses were
made by & flame photometer. Occasional gravimetric analyses
were made to malntaln close agreement between the two methods.
Analyses for aluminum and zinc were by gravimetrlc and volumetric
methods, respectively. The actual chemical compoeltions are
1listed in Appendix I as stated in the preceding paragraph.

Alloy Charging Components

The purest avallable metals were used in the preparatlion
of these alloys. Redistilled magnesium crystals and purified
1ithium ingots were obtained from The Dow Chemical Company,
high purity aluminum ingots from the Aluminum Research
Laboratories and Horse Head Special slab zinc from the New Jersey
Zinc Company through the Belmont smelting and Refining Works,
Inc. The analyses for these metals were given in the Summary
Report for 1950.2

Melting and Casting Technlque

The melting of magnesium~-lithium-aluminum alloys in an open
steel crucible with a flux of lithium chloride and lithium
fluoride resulted in considerable loes of lithium. Difflcultles
were also experilenced when the alloys were melted and allowed to
s011dify in closed steel containers which had been charged with
the alloy components and then flushed with argon. Oxidation
occurred and the ingote adhered firmly to the walls of the con-
tainer. Such ingots were unsound and contained a large quantity
of inclusions. Therefore, 'equipment was constructed for melting
and casting 250 gram charges of the alloys in a closed contalner
under an atmosphere of argon or helium.

An assembly drawing_of this equipment was shown in the
Summary Report for 19#9.3 It consigts of four main parts:-~ the
housing, the crucible, the mold and the stirring rod which also
served as & thermocouple protection tube. Plain carbon steel
was used for these paris in the original construetion but crucl-
bleg, molds and stirring rods were made later from a ferritic
gtainless steel. For melting, the crucible portion of the
asgembly was heated in an electric resistance furnace. When
melting had occurred, the alloy was mlxed thoroughly by the
stirring rod and then cast into the ingot mold by 1lifting the
equipment from the furnace and tilting the entire assembly. A
more detailed deseription of the construction and operation of
this melting equipment was given in the Summary Report for 1949.3
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Argon was used during melting as the protective atmosphere
at first but improved results were obtained by using the XX
Welding Grade® of helium. Ingots of excellent cleanliness were
also obtalned in this equipment by melting in an argon atmos-
Phere with a flux of lithium chloride and 1ithium fluoride but
the use of high purity helium gave such good ingots that flux
melting was not considered neceasary. The resulting ingots were
approximately 5 inches in length and 1~1/2 inches in dilameter.
They were free from porosity and pipe for 60 - 75% of their
length and had a elean bright surface.

Some 1ithium was lost during the melting and subsequent
thermal treatment to prepare the ingots for extrusion. There-
fore, the alloying addition of lithium was calculated from the
Tollowing equationi

Intended % Lithium = 0.9 (% Lithium Added) ~0.2%

More dlsconcerting than this loss during melting was the loss of
lithium in extruded alloys during their storage in a normal
laboratory atmosphere. Examples are shown in Table I for this
loss of lithium from binary magnesium-lithium alloys during
storage.

Extrusion of Macsnesium-Lithium Ternary Alloys

Extrusion was selected as the best method for the thorough
working of cast structures under controlled conditions and for
the working of any complex structures too brittle for working by
any other method. Also, uniformity of structure and rapid
approach to equilibrium should be aided by the high reductions
in area which can be obtained in extrusion. A reduction in area
of more than 99% was obtained in this work by extruding 1/8 inch
diameter rod from a 1-1/2 inch diameter container.

All ingots were homogenized for 48 hours at 500°F in an
electric muffle furnace and then air cooled prior to machining for
extrusion. At first, several coats of Dow-Corning #993 asilieone
resin were used to protect the ingots during the treatment at
500°F but this method was not completely successful. Much better
protection was obtained by coating the ingots with Keepbryte##
which was applied to the ingots after they had been hemted for
about 10 minutes at 3500°F. The ingots were then returned to the

¥ The XX Welding Grade of helium was supplied by the Air
Reduction Company.

## Xeepbryte is the trade name of & powder supplied by Kasenit
Ltd., 7 Holyrood Btreet, London 8.E.1. It 4is reported to
consist mainly of boric acid snd ferric oxidee.
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furnace for the 48 hour treatment at 500°F. Keepbryte produced

a very adherent, glass-like coating at 500°F and gave excellent
protection to all alloys except those containing more than aboutb
10% of both lithium and zinc. Ingots contalning over 10% lithium
were coated with Keepbryte and then glven additional protectlion
by placing each ingot in a close fitting and tightly capped steel
pipe nipple.

The homogenized ingots were machined to produce exbtruslon
charges 1-?/1% inches in diameter and 3/4 to 1 inch 1in length.
Tese charges were extruded to 1/8 inch diameter rod by the
dipect method in & small laboratory extrusion press with a
contalner dlameter of 1-1/2 inches. Thiﬁ equipment was described
in the Summary Report for 1947 and 1948.% The extrusion equlp-
ment was used originally in a Southwark-Emery testing machlne

of 50 tons capacity but 1t was modified later for operation wilth
e Watgson-Stillman hydraulic press of 125 tons capacliy. The
general procedure was to extrude at the lowest container
temperature at which the avallable force of 125 tons was
congidered sufficlent to permit extrusion to 1/8 inch diameter
rod. The extrusion process was accelerated by preheating the
charges for 10 minutes in an electric muffle furnace controlled
at 500°F. This extrusion from a 1-1/2 inch diameter contalner

to 1/8 inch dlameter rod gave an extrusion ratio of 144 to 1 and
a reduction in area of more than 99%.

After extrusion, the early procedure was to store the bare
1/8 inch rods in a normal laboratory atmosphere. Thls resulted
in considerable corrosion of the pitting type and also considerable
loss of lithium. Examples are shown in Table I for this loss of
1ithium from magnesium~lithium alloys during storage.

TABLE I

CHEMICAL ANALYSES OF MAGNESIUM-LITHIUM ALLOYS
SHOWING LOSS OF LITHIUM

Alloy Number % Lithium Date
1-21 12.25 19 April 1949
11.85 3 January 1950
L-43 15.15 10 May 1949
13.3 7 March 1950
Ll 19.25 10 May 1949
15.3 7 March 1950

After this serious loss of llthium was noticed, the extruded
rods were stored in glass tubes with a cork at each end and
these tubes were placed in capped steel pipes for added
protection.
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MICROSCOPIC STUDY OF MAGNESIUM-LITHIUM TERNARY ALLOYS

Relative Value of the Microscopic Method

The microscopic method for locating phase boundaries in %the
magnesium~lithium ternary alloys was finally used almost to the
exclusion of the x-ray diffraction and electrical reslistivity
methoede. It was found to be the most rapid, adaptable and
informative of the three methods which were used. The principal
use for the cther two methods was to confirm microscoplic data
and to ldentify the phades found in the mierostructure. The
applicaticn ¢f the x-ray diffraction and electrical reslstivity
methods at slevated temperatures was hindersd by the extreme
reactivlty of these alloys and the difficulties of providing
perfect protection of the surface durdng long runsa at 500° and
700°F. Very slight surface contamination completely invalidated
x=-ray diffraection data but did not destroy the core structure
which could be evaluated by microgcople examination. However,
cors structures in equilibrium at elevated temperatures may
transform to other structures at a lower temperature regardless
of the rapidity of quenching.

Heat Ireatiment of Alloye for Microscopic Examination

Four methods were tried to protect these alloys during long
pPeriods of treatment at elevated temperatures. These methods
were:

1. Treatment in fused salt baths of lithium nitrate
and of lithium stearate

2. Treatment of the samples protected by a coating
of Keepbryte

3. Treatment of a large number of samples in an aluminum
block with &n atmosphere of argon or helium

4, Treatment of samples supported by graphlte bushings
at each end and individually sealed in Pyrex tubes
with an atmosphere of helium

The first method was not satisfactory beecause the nitrate
bath reacted violently wlith the high lithium alloys and the
stearate bath decomposed at temperatures slightly above its
melting polnt. The use of Keepbryte gave considereble but not
complete protection to samples heated for 24 hours at 700°F. It
was found that the coating broke down at some points and that the
attack spread inward from these polnte. Good protection was
cbtained by treating a large number of samples in en aluminum
container wlth an atmosphere of helium as deseribed in the Summary
Report for 1950.2 However, this method was discarded in favor
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of sealing individusl samples in Pyrex tubee because of troubles
due to imperfect seallng of the aluminum contalner. Bealing
individual samples with an atmosphere of hellum 1n Pyrex was more
tedious than treating a group of samples in the aluminum contalner
but the results were nearly always perfect and imperfect sealing
destroyed only one rather then a large number of samples. No
detrimental reaction occurred between the sample and the glass

as the graphite bushings supported the sample out of contact

with the glass.

The Summary Report for 19502 gave a description of the
procedure used for sealing the samples in Pyrex tubes for protec-
tion during all heat treatments at elevated temperatures. A
sample length of 3 inches was used to provide materlal for
transverse and longitudinal sections for microscoplc examination
and for chemical analysls after heat treatment. Analysis of the
original extruded rods was not consldersd satlisfactory because
of possible volatilization of 1lithium from the sample and its
deposition elsewhere in the sealed glass tube.

These samples sealed in Pyrex tubes were treated for 24 hours
at 700°F or for 72 hours at 500°F in an electric reslstance
furnace in which temperature gradients were minimized by the use
of aluminum blocks. An auxiliary microscopic and slectrlcal
resistivity investigation showed that 24 hours at 700°F and 72
hours at 500°F were sufficient to obtaln a close approach to
conditlons of equilibrium. At the conclusion of the heat treat-
ment, the Pyrex tube was quickly transferred and fractured at
the quenching bath so that the bare specimen was cooled as
rapidly as possible. Water could not be used for quenching
because 1t reacted with the specimens. Kerosene did not react
with the specimens but 1t did not prevent the formetion of a
feathery structure near grain boundaries in alloys contalning &
high percentage of lithium and zinc.

Preparation of Samples for Microscoplc Examination

Longitudinal and transverse sections of each heat-treated
specimen of 1/8 inch rod were mounted in Selectron 5003% in order
to avoid the elevated temperatures needed with Luclite and
bakelite. Selectron 5003 does not require any pressure durlng
the mounting and it polymerizes to & solid 1n two or three days
at room temperature. The disadvantage of this long curing time
was more than offset by the sase of mounting a large number of
epecimens at the same time.

¥ Belectron 5003 is obtainable from Pittsburgh Plate Glass
Company, 2 Chester Avenue, Newark, N. J.
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The low hardness and the reactlvity of these alloys required
more than the usual care in finlshing them for mleroscople
examinatlion. Some alloys were slightly etched during the final
polishing in spite of rapid drying and the most reactive cocmplex
alloys were badly pitted. Kerosene was necessary &s the carrier
for the abrasive in the final polishing of such alloys.

The stching method for these alloye was similar to that
described by George” and ths most useful gingle etchant consisted
of 100 parts of 6 pleral, 10 parts of water and 5 parts of
glacisl acetlic acid. Modifications of this solution, other
important etchants and a more detailed discussion of the
preparation of these alloys for microscégic examination were
given in the Bummary Report for 1950.2 An additional etchant
recently used for some alloys consisted of 0.7 ml. 85%

orthophosphoric acid, 4 grame pierio acid and 100 ml. ethyl
aleohol. '

Evaluation of the Microstructure

The ueual procedure in the mlicroscopic study of thesge alloys
was to estimate the relative quantities of each rhase in the
structure and to identify each by its etching characteristics
and by x-ray diffraction as described later. The sucvcess of this
method depended on the preparation of a roperly polished and
etched structure but thie was exceedl ifficult for some of
the complex alloys. The acetlc-ploral etchant revealed grain
boundaries and darkened *the beta solid solution more than the
other phases but it did not produce a clear distinction between
the alpha =0lid solution and the intermediate phases. The

structure developed by this etchant and ite modificatiens are
shown and dlscugsed at a later peint In this report.

Tables XXI and XXII in Appendix I give the phases and the
relative amount of each phase present at 500° and 700°F in the
structure of alloys which were examined.

X-RAY DIFFRACTION STUDY OF MAGNESIUM-LITHIUM TERNARY ALLOYE

X-ray Diffraction Equipment

The design, construction and initial operation of the
apparatus for elevated temperature x-ray diffraction was described
in the Summary Repert for 1949.3 A gmall removable furnace
surrounded the specimen in a 57 mm. diameter camera which was
designed for operation with a vacuum or with an inert atmosphers.
The intended use for this eqgulpment was to provide a means of
ldentifying the phases present and to supplement microscople
examination by x-ray diffraction studies at elevated temperatures.
The two major difficulties in this work were the surface
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oxidation of the powder specimens and the progressive loss of
1ithium from these specimens. These condltlons were very
gerious with alloys of high lithium content when gtudied at
high temperature. High purlty hellum gave better protection
than argon but the many uncertalnties caused the abandonment
of nearly all high temperature diffraction work so that more
effort could be devoted to microscopic studies.

X-ray Diffraction Patterns of Phases

X.ray diffraction patterns were prepared from powders for
a geries of alloys corresponding to the phases whose presence
was expected in the magnesium~lithium-aluminum and magnesium
~1lithium—zinc alloy systems. The purpose of these patterns was
to permit identification of phases by direct comparison of
diffraction patterna. The composition and 1dentity of these
phases are given in Table II.

Specimens for x-ray diffraction were prepared by filing
the alloys and using the fraction passing through a 325 mesh
sereen. This powder was mixed with collodion or Duco cement to
form a viscous paste and then extruded through a 0.5 mm. dlameter
orifice to meke a specimen about one inch long. The K-alpha
radlation from copper was used and the exposure time was from
three to four hours.

The method for 1dentification6 of the phases was to compare
values of interplanar spacings and relative diffraction 1ine
intensities from these patterns Wi%h gtandard diffraction data
available in the ASTM publications! and with diffraction data
supplied by the Dow Chemical Company for Al Li, Mg Li, Al,

Mg Li Zn end Mg Lis Zn. The values of the interplanar spaclngs
for these latter compounds are listed 1n Appendix ITI. The
values of interplanar spacings and relative llne intengities of
pure magnesium were consldered representative of the alpha phase
and data from the binary alloy 1L-21 were taken as representative
of the bete phase. Variations in the nature of the solute and
1%s concentration in the alpha and beta phases would alter the
values of the interplanar spacings but the extent of this
variation would not be sifficient to prevent the use of the
patterns for visual comparison with those of multiphase alloys.
Photographs of diffractilon patterns for these alloys are shown
in Pigs. 1 and 2.
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TABLE II
PHASES IN MAGNESIUM-LITHIUM TERNARY ALLOYS

Intended Composition

Alloy and
Number (Chemical Analvsis) Phass
» 99.95+%fMg - - - alpha
L.21 88.00 12.00%8L1 - — beta
(11.85) — —
L-62 55400 - bs,0%A1 — Mg nAl
22 - (Lk.0) — 177712
L-63 — 21.0 79.0 —-— Al L1
1177 37.3 21.3 b1.4 —_— MgLisAl
— (20.2) (43.1) -
L-93 25.3 7.2 - 67.5%Zn MgLiZn
L-178 23-“’ 13-“’ —— 63-2 MgLi Zn
i (12.9) - (63.5) 2
1-95 27.1 —— —-— . MgZn

2.9
(72.5)

v ——

% THedistilled magneslum crystals contalning at least 99.95%Mg
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(a) Alpha phase. High purity megnesium.

(b) Beta phase. Alloy 1-21 (magnesium
- 11,85 lithium).

(¢) AlLi phase. Alloy 1-63 (73.4 aluminum
- 26.6 lithium). Specimen was not stored.

(d) AlLi phase. Alloy L-63. Specimen
stored three hours before exposure
was started.

(¢) AlLY ohase. Alloy 1-63. Specimen
stored 24 hours before exposure was
started.

Figure 1
X-ray Diffraction Patterns of the Alpha
Beta end AlLi Phases.
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(a) Mgy7Aly, phase. Alloy L-62 (magnesium
44,0 aluminum).

(b) MgZn phase. Alloy 1~95 (magnesium
: - T2.5 zine).

(¢) MgLiZn Phase. Alloy 1-93 (magnesium -
5.9 lithium - 68.4 ginc)

(d) MglioZn phase. Alloy L-178 (magnesium,
12.9 lithium, 63.5 zinc).

Figure 2
X~-ray Diffraction Patterns of the !517A112.
MgZn, MgliZn and MgLiazn Phases.,
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The diffraction patterns for slloys L-62 and L-95 showed
only the lines correceponding to Mg17A1 2 and MgZn, respectively,
ao these patterns were satiafactory fo% detecting these phases
in multiphase alloys. The pattern for alloy L-93 was useful
for confirming the precence of MgliZn although there wes one
beta line in this pattern ss a result of itg low lithlum content.
Conaidersble lithium was loat during the powdering of alloys
L-63 and L-178 go the analyees of the homogenized ingots were
not correct for the diffraction specimens and the diffraction
patterns were not correct for AlLi and MgLisZn., Also, diffraction
patterns for L-63 taken immediately, 3 hours and 24 houre after
specimen preparation showed a progressive decresee in the AlLi
phaege and an incresse in the aluminum rich solid solution as a
result of a progressive loss of lithium.

X-ray Diffraction at Elevated Temperaturee

Three glloye in the multiovhase flelds of the magneslum
-1ithium-aluminum system were gtudied by x-ray 4iffraction to
check the microsconic obmervatione of bhases oresent at 700°F.
Diffraction patterns were made at 700°F and also at room
tempersture on alloys quenched from 7009F, Thege diffraction
epecimens were vrepared by etching 1/8 inch diameter extruded
rod until ite dismeter was reduced %o approximately 0.30 mm. The
composition of the s2lloys studied and the results obtalned are
listed in Table III, Photogravhs of the diffraction patterns are
given in Fig. 3.

Thermal expansion caused slightly greater interplanar
apacings for the high tempersture vatterns but otherwlse there
wag complete agreement between the results from the room tempera-
ture exposure snd from the 700°F exposure for alloys L-145 and
L.-61 but not for L=154, There was g strong diffraction pattern
for the aloha phase in L-154 at 700°F but mieroscovic examination
1ndicated only 5% of this phase at 7000F. This amount of alvhe
would not explain the strong alvha lines on the 4diffraction
vattern obtsined at 700°F, The large amount of the alphs phase
wae believed to be due %o the loss of lithium from the surface
of the epecimen during the elevated temperature exposure.
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Alloy Film

Number Number (Chemical Analysis)
0%L1 20.0%A1

L-145 219
225
L€l 218
216
L-154 213
229

WADC TR 52-169

Intended Composition

(3:5)

11.%

TABLE III

PHASES FOUND BY X-RAY DIFFRACTION
AT 700°F IN SOME
MAGNESIUM-LITHIUM-ALUMINUM ALLOYS

and

Phases
Present

(21.7)

20.0

(11.5) (19.7)

15.0
(12.9)

20.0
(21.5)

13

Alpha +
MgypAly

Alpha +
Mgypalyz

Alpha +
Beta +

Mg178112

Alpha +
Beta +

Mgy 74112

Beta +
Al L

Alpha +
Beta +
Al ILa

Temperature

of Exposure

Roonm
Temperature

700°F

Room
Temperature

700°F

Room
Temperature

700°F



(&) 1=145 (magnesium-4.5 lithium=-21.7 aluminum) heat treated

-

24 hours at TOO°®F, kerosene quenched and exposed at room
temperature. Alpha and ug17A112 phases are present.

(b) L=145, exposed at 7O00°F, Alpha and Mgl7A112 phases are
present.

(¢) 1-61 (megnesium=11.5 lithium=-19.7 aluminum) heat treated
24 hours &t TJOO®F kerosene quenched and exposed at room
temperature. Alpha, bete end AlLi phases are present,

(d) 1~61, exposed at JOO®F. Alpha, beta and AlLi phases
are present,

(e) L-154% (megnesium=12.,9 1ithium-21.5 aluminum) heat treated
24 hours at TOOSF, kerosene quenched and exposed at room
temperature. Beta and AlLl phases are present.

(f) 1-154, exposed at JOOSF., Alpha, beta and AlLi phases are
present.

Figure 3
X-ray diffraction patterns for multiphase magnesium-1lithium-
aluminum alloys exposed at room temperature after cuenching
from 7OOSF and exposed at TOO®F.
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ELECTRICAL RESISTIVITY STUDY OF MAGNESIUM-LITHIUM TERNARY ALLOYS

Electrical Resistivity Equipment

The effect of temperature and of composition on electrical
resistlivity has been used by many investigators toc locate phase
boundaries. Equipment for use with magnesium-lithium gase alloys
Tollowed the baslic deslgn described by Fink and Willey® in their
work on aluminum-zine alloys but the rapid corrosion of magne sium
-lithium alloyse prevented corresponding success. Considerable
effort was devoted to the construction and modification of this
equipment but completely satisfactory resulis were not obitained.
The detalls of the construction and modifications of thisg
equlpment were glven in previous Summary Reports.zs

In this squipment, a hexagonal sluminum block was used with
mounts for slx samples of 1/8 inch diameter rod with a distance
of 2 lnches between the potential contacts on each specimen.
Thls block was enclosed in an aluminum container which was sur-
rounded by an electrical resistance furnace. Provisgion was made
for leading thermocouple, potential and current connections
through the cover of the container and for the entrance and exlt
of helium. Originally, a single potentiometer was used for
measuring the potential drops across the individual specimens and
ecross a standard resistance. Later, it was found much more
convenient and accurate to use two potentlometers and to make
simultaneous measurements of the potentials.

Bpecimen Protection During Measurements

Disastrous corrosion of the specimens of magnesium~-lithium
ternary alloys occurred during slectrlical resistivity measurements
unless very careful precautions were taken. BSurface oxidstion
interrupted the electrical circuits in many cases and, in severe
cases of oxldatlon, the specimens were completely destroyed.
Argon with a purity of 99.85% was not satisfactory under either
- statlc or flow conditions but helium with a purity of 99.99%

(XX Welding Grade) gave reasonably good results with a steady
flow. The low steady flow of helium carried away all contzmina-
ting agents as they were evolved and maintained an atmoephere of
higher purlty than that obtained under static conditions. The
best surface conditlons were maintained by using & low steady
flow of high purity helium and by careful polishing of the
extruded specimens. Careful cleaning and polishing of the
specimens were necessary to remove all foreign material absorbed

on the surface or mechanically held in the longitudinal die
marks.
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Resiegtivity of Magnesium-Lithium Alloys

After the correct operating procedure had been established,
resistivity measurements were made on a number of alloys with
compositions corresponding to the alpha, alpha plus beta and
beta solid solution fields in the magnesium-lithlum alloy system.
This work showed the time necessary to achleve equillibrium at
500°F., established the value of various treatmente previous %o
reslisetivity measgrements and permitted a comparison with the
resulte of Grube’ on magnesium-lithium alloys.

The data in Table IV and the eurves in Fig. 4 show the
results of the experimental work to determine the time to reach
equilibrium at 510°F. These data show that from 30 to 36 hours
wers required to reach stable values of resistivity at this
temperature.

®he effect of dlfferent preliminary treatments on the time
to attain equilibrium at 700°F are shown in Table V. These
results show that the higher lithium alloys required a longer
time to reach equilibrium and that the precipitation treatment
at 200°F wae quite effective in speeding the attainment of
equilibrium. Deep corrosion pits and further corrosion during
the resistivity run at 700°F prevented a more accurate evaluation
of these preliminary treatments.

Experimentel results are shown in Table VI and in Fig. 5 for
the resistivity measurements over a period of 13 days for six
binaery magnesium-lithium alloys up to 715°F, The compositions
of these alloys corresponded to the alpha, alpha plus beta and
beta solid solution fielde in the magneslum-llithium alloy system.
Data from the work of Grube as plotted in Fig. 5 show good
agreement with the present work for alpha and alpha plus beta
s0lid solution alloys. However, there is a great difference
between the curves for alloys near the boundary between the alpha
plus beta and the beta solid solution Tields. Data from &rube
give smooth curves but the present date show definlte breaks
above 500°F and a marked lncrease 1n slope. These breaks and
the inecrease in slope may be the reiglt of the order-disorder
reaction suggested by Hume-Rothery. The discrepancy between
the present work and that of Grube may be due to the high heatling
rates -— 10°C in 6-10 minutes —— used by him compared to the
slow heating and the long time at temperature used in the present
investigation. Thirteen days were used in the present inveetiga-
tion to obtain the data plotted in Fig. 5.
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TABLE IV
EFFECT OF TIME AT 510°F ON

ELECTRICAL RESISTANCE OF MAGNESIUM-LITHIUM ALLOYS

Resistance in Ohms x 105

fq;nhit um Contents of

325 _
0.833 0.936 0.988 1.003 1.072

0 D.821

5 1.092 1.095 1.239 1.371 1.475 1.549

29 1.182 1.173 1.333 1.498 1.633 1,698

Le 1.188 1.180 1.329 1.500 1.634 1.698

76 1.186 1.177 1.338 1.502 1l.640 1.696

ol 1.182 1.173 1.333 1.496 1.629 1.694

101 1.185 1.179 1.340 1.500 1.633 1.699

119 1.183 1.173 1.332 1.498 1.624 1.693

TAELE V
EFFECT OF PRELIMINARY TREATMENT ON
ELECTRICAL, RESISTANCE OF MAGRESIUM.LITHIUM ALLOYS

Observations from Measurements at 700°F

Alloy Treatment® A Ereatmgntg B Treatment® G

Mg-3.2%L1 Equilibrium Equilibrium Equilibrium
attalned after attained after attained after
24 hours 25 3/4 hours 23 hours

Mge7.778L1 Equilibrium Resistivity Equilibrium
attalned after still ehanging attalned after
32 hours at 55 3/4 hrs. 48 hours

Mg~11l.85%L1 Resistivity Equilibrium Equilibrium

Treatment A:.

8t1ll changing attalned after attalned after
at 55 3/4 hrs. 48 hours 23 hours

% Details of preliminary trestments of alloys sealed in
g8lass tubes with a alight pressure of helium

Heat 24 hours at 700°F; age 1 wesk at 200°F

Treatment Bi~ Heat 24 hours at 700°F; cool by

Treatment O:-
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TABLE VI

EFFECT OF TEMPERATURE ON
ELECTRICAL RESISTIVITY OF MAGNESIUM-LITHIUM ALLOYS

Resistivity in ohm - em x 105

ggmp. for Lithium Gonteats of

286 1,309 1.387 1.564 1.650 1.727 1.732
o6 1.4%0 1.519 1.724  1.840 1.960 1.9%0
305 1.547 1.631 1.820 2,001 2.159 2.125
603 1,680 1.740 1.981 2,170 2.447 2.323
710 1,700 1.832 2.097 2.331 2,794 2,661
715 1.747  1.83F 2.098 2.335 2.797 2.662

Resistivity of Magnesium-Lithium Ternary Alloys

Electrical resistivity measurements up to 700°F were made
over a perlod of 1€ days on selected magnesium-llthium ternary
alloys in which microscoplc examination had shown distinet phase
changes between 500° gnd 700°F. The composition and structure
of these alloys are gilven in.Table VII and Table VIII and in
Fig. 6. Phase changes between 500° and 700°F were indicated by
changes in the elope of the resistivity curves for alloys l-119,
L-100, L-141 and L-148. Microscople examination showed that the
structure of L-141 changed only from 97% alpha and 3% Mgy 7Alyo
at 500°F to 100% alpha at 700°F but the resistivity ecurve showed
a pronounced change in slope at 520°F. However, the curves for
L-112 and L-139 showed no change in slope above 500°F even
though microscople examination showed a distinct difference
between thelr structure at 500°F and at 700°F. The amount of the
phase change 1n these alloys was greater than in L-141 but the
electrical reslistivity of the old and new phases might have been
the same or errors might have been caused by oxidation of these
specimens.

Electrical resistance measurements up to 685°F were also
made over a perlod of 35 days on a series of magnesium~lithium
-aluminum alloys in which microscoplc examination had shown
dlstinet phase changes between 500° and 700°F. The compoasition
and structure of these alloys are given in Table IX and the
resistance measurements are shown in Table X and in Fig. 7. No
change in the slope of the resistance curve between 500° and
700°F wag found for l-123 but a change in slope between 5009
and 700°F was found for the other alloys. Changes in slope
between.350° and 500°F were also found for all of these alloys

WADC TR 52=169 19
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TABLE VII

STUDIED BY
ELECTRICAL RESISTIVITY METHOD

Intended
Composition%*
Alloy and (Analysis)
Number Ll Al Zn
L-119 3.0% - 8.0%
(z.5) —- ° (8.%)
L=112 a.é o 10.0
(4.8) == (9.2)
1100 %1.2) —-— 1g.g
9.9 -— .
(9.8) w=w (9.0)
L-141 ) 8.0 --
L~139 805 6:0 ——
(8.3) (6.4) -
I-148 15.0 7.0 -
(14.2) (6.1)

% Balance was magnesium

WADC TR 52-169

Treatment

Time
Hours _°F

Temp.

Ag Extruded

72 500
24 700
Ag Extruded
72 500
24 700
Ag Extruded
72 500
24 700
Az Extruded
72 500
24 700
As Extruded
72 500
24 700
As Extruded
72 500
24 700

2l

MAGNESIUM-LITHIUM TERNARY ALLOYS

Microscople
Estimation of
Phases Present
eta Other

Alpha

70%
70
100

80
65
85

100

80

95
100

30% MgLiZn
30

20% MgLiZn
25

20% MgLiZn
30

3% Mgyphly,

10% AilLi
7
1

20% AlLA
5



Temp.
o°F

312
367
ko2
7l
503
556
600

703

Alloy

Numbey
L-123
L-.128
1122
I-.152

L.14]

L-.142

TABLE VIII

EFFECT OF TEMPERATURE ON
ELECTRICAL RESISTIVITY OF MAGNESIUM-~LITHIUM TERNARY ALLOYS

Reslstivity in ohm-em x 105

or Alloyvs

for A
=119 112 1100 5%141 1139 L3148
- 1.873 - - — —
1.499 1.788 2.138 1.479 2.088 2.365
1.528 1,815 2.230 1.511 2.142 2.470
1.615 1.941 2.412 1.715 2.355 2.738
1.652 1.969 2.495 1.788 2.465 2,844
1.737 2.057 2,680 1.882 2.722 3.152
1.803 2.110 2.761 1,913 2.919 3.370
1.978 2.262 2.938 1.983 3.395 3.848

TABLE IX
MAGNESIUM-LITHIUM.ALUMINUM ALLOYS
STUDIED BY
ELECTRICAL RESISTANCE METHOD

Intended Mlcroscoplc

Composition®* Treatment Estimation of

andEAnalxsis) Time Temp Phases Present

Li Al Hours _°F Alpha  Beta Other

8.5% 4%.0% 72 500 55% 74 8% AlLi
(7.l  (6.7) 2k 700 60 29 —

12.5 6.0 72 500 — 90 10
{(11.0) (&4.8) 24 700 —-— 100 n
12.0 2.5 72 500 5 . 95 —
(10.8) 24 700 s 100 —
20.0 8.0 72 500 — 95 5

(19.2) (8.2) 2l 700 — 100 —

1.0 8.0 72 500 97 —— 3% M 1
(0.9) (6,3) 2k 700 100 -~ — s174112
11.0 o 72 500 35 60 5% AlLi

(10.3) (6.0} 24 700 25 75 -
¥ Balance was magnesium
22
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TABLE X
EFFECT OF TEMPERATURE ON
ELEQTRICAL RESISTANCE OF MAGNESIUM-LITHIUM-~-ALUMINUM ALLOYS

Resistance in ohms x 107

304 1.392 1,394 1,388 1,745 1.099 1.441
386 1.504 1.577 1.568 1.955 1.099 1.608
483 1,715 1,846 1.854 2,310 1.208 1.877
511 1,790 1.931 1.941 2.432 1.255 1.968
532 1.844 2.001 1.984 2.524 1.279 2.032
561 1,940 2.109 2.077 2.697 1.298 2.146
584 2.019 2.194 2.109 2.835 1.310 2.226
631 2.207 2.429 2.210 3.127 1.336 2.440
685 2.415 —— 2.295 — 1.367 —

sxcept L-122. The change in slope near 400°F for L.l41 was

found in the separate experimental runs shown in Figs. 6 and 7.

These changes 1n slope between 350° and 500°F suggested phase changes
in this region but microscoplec examination 4id not detect any
changes in structure when these alloys were heat treated at 500°,
L450°, 350° and 300°F.

Value of the Reslstivity Equipment

Resistivity measurements on magnesium-lithium ternary alloys
414 not gilve definite and conclusive evidence of phase changes.
Changes in the slope of the eurves were small so that great care
had to be used to avold eonfusion between breaks due to corroslon
or other errors and to changes in structure. However, the ex-
perimental work with this equipment emphaslzed the easy oxidation
of high 1ithium alloys and the difficulty in preventing thls
trouble. This equipment should be useful for determining
temperature coefficlents of electrical resistance, time to approach
equilibrium and phase changes in other magnesium alloys which are
more resistant to corrosion.
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CONSTITUTION OF MAGNESIUM.LITHIUM-ALUMINUM ALLOYS

Phages Present

The phases found in this alloy system were the hexagonal
close packed alpha solid solution, the body centered cuble beta
solid solution, MgynAly, and Alli. Diffraction patterns of
these phases are sﬁan gn Figs. 1 and 2 and photomicrographs are
shown in Figs. 8 through 15. These photomicrographs alsc show
the effect of various etchants on these phases.

No metallographic technigue was found for distlingulshing
with certainty between AlLi and M% Al. ., when these occurred
together. The use of kerosene ra in %ﬁan water as & carrier fTor
the abrasive eliminated pitting and gave a good polished surface
but no etehant was developed to give a different appearance to
these phases. BSome work was done to distingulsh between these
materials by the phase contrast method but thls work was not
sufficient to solve the problem. Also sn attempt was mads to
differentiate between these phases by microhardness tests but
the particle size was too fine and was not coarsened enough by
treating at 700°F for one week.

The presence of MglLisAl was not found in any alloys examlned
in this research. This phase was considered in connection with
the changes below 500°F in the slope of the reslstivity curves
for some alloys as shown in Fige. 6 and 7. This possibility was
studied by freatl slx alloys for extended periods of time at
700°, 500°, 450°, Loo®, 3350° and 300°F, respectively, quenching
in kevosene and.then investigating their structure by mi roscopie
and x-ray techniques. The data in Table XI show no HgLizAl 80
this phase was not an equilibrium phase in these alloys.

Phagse Boundaries at 700°F

The phase boundaries at 700°F in the maegnesium-rich corner
of the magnesium-lithium-aluminum alley system are shown in
Fig. 16 together with the composition of those alloys whose
structure showed them to be near phase boundaries. To avold
errors due to oxidation and loss of 1lithium, these composltions
were determined by chemical analyseis after heat treatment rather
than on samples of the as extruded rod. In addition to the
compositions plotted on this constlitutlonal diagram, the
structure of many other alloys was studied in searching for the
location of phagse boundaries. The lntended composition, chemlcal
analysis and structure of all megnesium-~lithlium~aluminum alloys
examined are given in Appendix I, Table XXI

Phase boundaries are shown in Fig. 16 between the alpha
glus AlL3 and the alpha plus AlLi plus MngAll flelds and also
etween the alphe plus AlLi plus MgéyAllz nd %he alpha plus
M 112 fields although these boundaries were not located in

this work. These boundaries must exist but no metallographic

wADC TR 52-169 26



Figure 8
Neg: 274 Mag: 500X
Spec: M831 Etch: 100 Pieral, 5 Glaciel Acetic
Acid, 10 Water, 10 Sec.
Longitudinal section of alloy L-5U4 (Mg - 5,uULi
- 1.9 A§§ heat treated 24 hours at JOOSF and quenched
in kerosene. This structure is 100% alpha solid
solution with some polishing and etching pits.

Figure 9
Neg: 275 Mag: 500X
Spec: M891 Etch: 100 Picrel, 5 Glacial Acetic

Acid, 10 Water, 10 Sec.
Longitudinal section of alloy 1-128 (Mg - 11.0Li -
- 4.8A1) heat treated 24 hours at 7JOOSF and quenched in
kerosene. The beta solid solution was colored blue to
black by the etching reaction. The mottled appesrance
of the grains was due to the deposition of some products
of the etching reaction on the surface. The grains in

the beta phase field grow very large during thermal
treatment. ’
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Figure 10
Neg: 267 Mag: 500X
Spec: MT782 Etch: 100 Picrel, 5 Glaclal Acetic
Acid, 10 Water, 5 Sec.

Longitudinal section of alloy L-26 (Mg - &.lU4Li
-« 4,6541) heat treated 24 hours at 7OO®F and quencked
in kerosene. The grains of the alpha solidsolution
(1ight) and the beta solid solution (dark) have
grown quite large. The markings within the beta grains
were believed to represent rupture of the etching film
rether than a precipitate.

Figure 11
Neg: 263 Mag: 500X
Spec: M932 Etch: 100 Picrsl, 5 Glaciel Acetic

Acid, 10 VWater, 5 Sec.
Longitudinal section of I~153 (magnesium - 13,9Li
- 15.8 Al) heat treeted 24 hours at 7COSF and gquenched
in kerosene. The dark areas are the beta solid solution
snd the white glebular phase is AlLi,
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Figure 12
Neg: 29 Mag: HOOX
Spec: ME95 Etch: 100 Picral, 5 Glacial Acetic Acid,
10 Water, 8 Sec,
Longitudinal section of alloy L-26 (Mg - 8,LU4Li -
65A1) heat treated 72 hours at 500°F and quenched in
kerosene. The beta solid solution appeers dark. The
alpha solid solution and the intermediate phase appear

light, not clearly separated. Compare with Fig. 10
heat treated at 700°™,

Figure 13

Neg: 2ug Mag: 500X
Spec: ME9L Btch: 100 Picral, 5 Glaciel Acetic, 10

Water, 10-10% Tartaric Acid
Same structure as shown in Fig, 12. The modified
acetic-picral solution nroduces & color aistinction
betvween the alpha solid solution and the intermediate
phase Alli,
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Figure 1l
Neg: 270 Mag: 500X
Spec: M33L Etch: 100 Picral, 5 Glacial Acetic Acig,
10 Water, 6 Sec.

Longitudinal section of alloy L-1L5 (Mg - 4.6 Li -
23,3 A1) hest treated 24 hours a2t JOO°F =and guenched in
kerosene, This etchant attacked the alpha much more severely
than the Mg,44lyo grain boundaries, The equiaxed alpha
grains appeared white as did the Mg175112 grains. Grain
growth and vhase sgglomeratlion was much less than in other
alloys ~ziven the same thermal treatment

Figure 1H
Neg: 272 Megs 500X
Spec: N93h4 Etch: 10 - 48P HF, 90 Water, 4 Secc.
Same structure as shown in Figure 14. The Mg,,4135
grains were attacked and colored a very light brown and
the grain boundaries sharply resnlved. The alpha phese
vas white but the grain boundaties were not clearly resolved.

WADC TR 52-169 10



TABLE XI

PHASES IN MAGNESIUM-LITHIUM-ALUMINUM ALLOYS
TREATED AT 700°, 500°, 400% 350° AND 300°F

Intended Composition®

and
Alloy Chemical Analysis
Number Ll Al Pheses Present
L-123 8.5% 4.0% alpha + beta + AlLl
(7.5 (6.7)
1-128 12.5 6.0 beta + AlLA
(11.0) (L4.8)
1122 12.0 2.5 alpha + beta
{10.8)
L-152 20.0 8.0 beta + AlL1
(1902) 802
I~141 1.0 8.0 alpha + Mg..,Al
(0.9) (6.3) 17412
Tm1ly2 11.0 k.o alpha + beta + AlLi
{10.3) {6.0)

% Balance was magnesium
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technique was developed to dletinguish between the Alll and
Mg,,Al,, phases vhen they ooccurred together. The other phasge
bo&Zda}Ees are considered as located within 2-1/2 percent of
lithium. The major portion of this possible error was due to the
oxidation and loss of lithium from the alloys during storage

and heat treatment.

A previous study of the constitution of megnesium-1ithium
-aluminuT alloys at 400°C (752°F) was presented in Russian by
Shamral.*l His results have been plotted in Fig. 17 in terms
of welght percentages for easler comparison with the results of
the present investigatlon but no correction could be made for
the difference of 52°F between the temperature levels presented
in Fige. 16 and 17. Shamrai's paper has not been translated but
the phaseg found by him and indicated by Roman numersls can be
ldentifled from thelr location on the diagram. However, the
exact significance of the solid and dotted boundaries is not
known.

The most obvious dlfference betwsen the two diagrams is the
larger reglon shown by Shamral for the beta solid soluticn. This
difference seems greater than can be explained by the dlffersnce
in the temperature levels. Another difference is that Shanmral
found MgLiAl, in an extensive three phase field but this phase
was not detected by x~ray diffraction or microscopic examination
in the present investigation. The AlLi, phase was found by
Shamral in a region above 20% lithium but this region was not
included in the present study.

Phase Boundaries at 500°F

The constitution of thie alloy system at 300°F is shown in
Fig. 18 but the phase boundaries were not located as accurately
at this temperature level as at 700°F. The compositions plotted
on this dlagram were determined by analysis of selected svecimens
after heat treatment at 500° or at 700°F. but these represent
only a portion of the alloys which were studied. The boundaries
which were located mosit accurately were batween algha and alpha
plus M% 7A112, between beta and alpha plus beta and between beta
and be & plus AlLi. As at 700°F, phase boundaries are shown
between alpha plus AlLi and algha plus AlLi plus Mgq,4ly, and
between alpha plus MgynAly, and alpha plus AlLi plus‘MgynAly,
although these boundaries Were not located in this work.

Comparison of the Constitution at 500°F and at 700°F.

The major difference between the dlagrams for 500° and 700°F
wag the difference in the extent of the alpha, alpha plus beta
and beta phase flelds. All of these fields were smaller in area
at 500° than at 700°F. The amount of 1ithium in solid golution
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was nearly the same but the solubility of aluminum was much less
at 500°F. In additlon to this major change in the phase
boundaries, the positlion of other boundaries changed slightly

ag shown in Figs. 16 and 18.

CONSTITUTION OF MAGNESIUM-LITHIUM-ZINC ALLOYS

Phases Present

The solid phases found in this alloy system wers the close
packed hexagonal alpha solid solutlon, the body ¢entersd cuble
beta solid solution, MgLiZn and an unidentified phase at 500°F
in alloys containing lees than 5% lithium. A feathery precipitate
of Mgli,Zn was found in some alloys but this was not consldered

an aquglibrium phase at either 700° or 500°F. In addition to
these 20114 phases, & liguid phase exigted at 700°F in some low
lithium alloys. These phases are shown in the photomicrographs
of Figﬂ. 19 through 26,

The feathery precipitate which appeared slong graln boundaries
in esome alloys was identifled as MglLl,Zn by x-ray diffraction.
This precipitate is shown in Figse. 25 and 26 along the boundaries
of the very large grains of the beta solid solution. Such coarse
grains, usually found only in single phage alloys, together with
the form and location of this precipltate indicated that this
phase did not exist at 700°F but formed during quenching. In
order to test thlis theory,-six alloys were heat treated at tempera-
tures ranging from 300° to 700°F and then quenched into kerosene
- maintained at 28°F. The intended compositions of these alloys,
thelr heat treatment and thelr constitution ars given in Table XIX.

No MgLiEZn was found in alloys L-181 and L-87 which contained

low zinc -~ %.6 and 2.2% respectively -- but 1t was found in the
other alloys which contained a similar lithium content and a zine
content of 7.5% or more. Data on the beta alloys L-38, L-39,
L-b0, L-87, L=96, L-97, 1-98, L-181 and L-184 showed that MgLi,Zn
was not found in alloys containing less than 6% zinc. These data
are glven in Appendix I, Table XXII. In this table, data for
two specimens of L-109 treated at 500°F show & different content
of MgLi,Zn and beta but the same content of MgLiZn. Possibly, the
differefice in the amount of MgLisZn and beta was due to a
difference in quenching conditions for these two specimens. If
the preciplitation of MgLl,Zn was dus to a quenching rate which
was too slow, the amount of this precipitate would be greater near
the center than near the surface. In some speclmens, the MglisZn
was uniformily distributed as shown in Fig. 27 but, in others, a
greater amount was found near the surface. Thils effect, shown

in Fig. 28, was believed %to be due to a loss of lithium from the
surface regions during the heat treatment.
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Figure 19
Neg: 298 Spec: M708 Magnification: 500X
Etch: 100 pts. picral:5 pts. glacial acetic acid:10 pts.,
water, U4 sec.
1~-33, Charge 174, intended 8.9%Li, 2.0% Zn. Heat treated
24 hrs. at 700O°F and ouenched in kerosene. Two phases:

alpha and beta. Alpha phase is white and unattacked; beta
phase is etched dark,

Figure 20
Neg: 280 Spec. M103k4 Magnification: 750X
Etch: 10 gm. salicylic acid in 300 ml. ethyl alcohol, ‘55 sec.
1~170, Charge 300, intended 3.7%Li, 21.5%Zn, Heat treated
2L hrs. at 7OOSF and quenched in kerosene. Two ohases: alpha
and MgliZn. The grain boundaries of thg ‘2lpha matrix are not 4
revealed; the MgLiZn grains are cie fly outlined. e S
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Figure 21

Neg. No. 299 Spec. M1070 Magnification: 500X
Etch: 10 gm. salicylic acid in 300 ml. ethyl alcohol, 10 sec.
~188, Charge 316, analyzed 9.5%Li, 12.9%Zn. Heat treated

72 hrs. at 500°F snd quenched in kerosene. Two phases: Dpeta
and MgLiZn., Beta phase is etched tan with grain boundaries
clearly outlined; MgLiZn phase is white and unattacked.

Figure 22

Neg. No. 284 Spec. M1068 Magnification: 200X
Etch: 100 pts. picral: 5 pts. glacial acetic acid: 10 pts.

water, 6 sec.
1-186, Charge 31Y4, analyzed 9.2%L1, 10.9%Zn. Heat treated
72 hre. at 50CSF and quenched in kerosene. Three phases:
alpha, beta, and MgLiZn. Bets matrix is etchea dark, both
alpha and MgliZn are not attacked and not plainly distinguished
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Figure 23 N

Neg. No. 285 Spec. M1068 Magnification: 200X
Etch: 10 gm. salicylic acid in 300 ml. ethyl alcohol, 30 sec.
The same area as shown in Figure 22. The MgLiZn grains are
clearly outlined while the alpha grains are not.

Figure 24

Neg. No. 278 Spec. M1030 Megnification: 100X
Etch: 10 gm salicylic acid in 300 ml. ethyl alcohol, 30 sec.
1-166, Charge 396, analyzed O.45%Li, 20.1%Zn. Heat treated
24 hyrs. at TJOO®F and ouenched in kerosene., Three phases:
alpha, MgLiZn, and grain boundary melting.
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Figure 25

Neg. No. 287 Spec. M1052 Magnification: 100X
Etch: 10 gm. salicylic acid in 300 ml., ethyl alcohol, 30 sec.
1-190, Charge 318, analyzed 12.8%Li, 16.8%Zn. Heat treated
24 hrs. at TOO®F and quenched in kerosene. Two phases: beta
and feathery grain boundary precipitate Mglisin.

Figure 26

Neg. No. 288 Spec. M1052 Magnification: 2500X
Etch: 10 gm. salicylic acid in 300 ml. ethyl alcohol, 30 sec.

Same alloy as above. The MglioZn phase is not resolved at
such high magnifications.
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Figure 27

Neg. No. 300 Spec. M1100 Magnification: 25X

Etch: 100 pts. picral: 5 pts. glaclal acetic acid: 10 pts.
water, 2 sec.

1~230, Charge 342, intended 15.0% Li, 7.5% Zn. Heat treated

72 hrs. at 500°F and quenched in kerosene. Two phases:

beta and Mgli,Zn precipitate is uniformly distributed in

the beta matrix.

Figure 28

Neg. No. 301 Spec. M1099 Magnification: 25X

Etch: 100 pts. picral: 5 pts. glacial acetic acia: 10 pts.
water, 2 sec.

L-232, Charge 344, intended 15.0% Li, 11.0% Zn. Heat treated

72 hrs. at 500°F and quenched in kerosene. Two phases:- beta

and Mgli,Zn phase is non-uniformly distributed in the beta

matrix.
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TABLE XIX
CONSTITUTICN OF SOME MAGNESIUM-LITHIUM-ZINC ALLOYS

HEAT TREATED AT 700°, 500°, k50°, Lo0®, 350° AND 300°F

Mlcroscopic

ey

MelisZn

Intended Treatment Estimation of
Alloy Composition and Time Temp. Phases Present
Number (ghemical Anal%sisl Hours _°F Beta MglLiZn
3 n
L-181 15.0% 4,62 Ag Extruded — -—
24 700 100 --
72 500 100 --
100 Ls0 100 -
120 Loo 100 -—-
168 350 100 -
240 300 98 2
L-87 14.0 2.2 As extruded 100 =
24 700 100
72 00 100 -
100 50 100 -
120 400 100  --
168 350 100 —-
240 300 100  ~=
1-230 15.0 7.5 Ag Extruded 100 -
24 700 —— —
72 00 oo J—
100 50 90 5
120 Loo 87 10
168 350 90 10
240 300 90 10
L=233 15.0 12.5 Ag Extruded 70 3
24 700 - ——
72 500 85 —
100 450 73 7
120 400 88 10
168 350 85 15
2ho 300 85 15
L-192 17.0 22.0 As Extruded — -
(16.6) (22.2) 24 700 70 5
72 500 — —
100 Lo 15 15
120 Loo Ls 15
168 350 75 15
24p 300 85 15
L-109 7.8 15.0 As Extruded 15 5
(15.6) (17.9) 24 700 1o J—
72 500 — 10
100 L 50 4o 10
120 Loo 25 13
168 350 68 17
240 300 80 20
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A consideration of the phase dlagram gave the strongest
argument against accepting MgLisZn as an equllidbrium phase. A
three phase reglon (beta plus MgLiZn plus MgLi,Zn) between the
nominal composition of MgLi»Zn and the two phase region {beta
plus MgLiZn? would not be consistent with the principles for
ternary phase diagrams. For these reasons, it was concluded
that MglLisZn was not present at high temperatures but that it
formed from the beta solid solution during quenching.

An unidentified phase was found from the x-ray diffraction
patterns for some alloys of low lithium content after they had
been heat treested at 500°F., A study of the diffraction data in
Table XIIland of the diffraction patterns in Fig. 29 showed that
the alpha s0lid solution and MgLiZn would account for all lines
in the pattern for alloy L-167 but would not account for nine
lines in the pattern for alloy lL.-166. These lines could be due
to MgZn, except for thelr relative intensities. The data for
MgZny onl ASBTM card No. 3185 show that the intensities of the
d2,20s 82,005 and dz,245 lines are nearly equal. However,

Tabie X1l showe very strong d2,2p and dp, ons lines and a very
weak dp pps lines The high intensity of thé d,, p4c line could
be accounted for by the overlapping of the strong 22.25 line

from MgliZn. However, there is no overlapping line corresponding
to the d5 54 ilne. Therefore, this phase was not considered to
be ngnz s

The estimation of thie unknown phase was difficult in
microscople work because 1%s etching characteristics were similar
to those of MgLiZn. No etchants were found which gave a clear
dilegtinctlon between these two phases. A photomicrograph is shown
in Fig. 30 for an alloy containing the alpha solid solution,
MgLiZn and this unidentified phase.

Phase Boundaries st 700°F

The locations of the phase boundaries at 700°F are believed
to be well established as shown in Fig. 31. In additlon to the
alloye whose analyses are shown on this diagram, many other alloys
were studled. The composition and constitution of all alloys ere
given in Appendix I. The boundary of the beta s0lid solution
fleld was located by many experimental points as was the boundary
between alpha plus beta and alpha plus beta + MglLiZn. The inter-
gection of this latter boundary with the boundary of the beta
Tleld fixed one end of the boundary between beta plus MgLiZn and
alpha plus beta plus MgLiZn. The other end of this straight line
boundary was fixed by the nomlnal composition of MgLiZn (25.3% Mg,
7.2% L1, 67.5% Zn). The boundary between alpha and alphe plus
beta was flxed at one end bg the point on the binary disgram
determined by Hume-Rotheryl . The intersection of this boundary
with the boundary between alpha plus beta and alpha plus beta
plus MgLiZn was established by experimental points. The boundary
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TABLE XIII

DIFFRAGOTING PLANES AND INTERPLANAR S8PACIRGS IN
SOME MAGNESIUM-LITHIUM-ZINC ALLOYS%

Spacing and Intensity for

Diffracting Planes in M-1060P M.1061°
Alpha  MgLiZn  MgZns(?) _d 1d 4. 18
110 5,30 W 5,28 M
100 L.Ls M
111 I,26 8
101 L.ok VW
211 3,03 W
100 2.81 8 2.75% g
002 2.62 vs 2.56 Vs
101 , 2.6 vg 2, i Vs
311 00 2.25 2.2 V8
201 2.20 g
222 2.15 8 2,14 V8
ook 2.11 8
202 2,00 W
102 1.90 s 1.87 8
203 1.77 N4
| 331 171 W 1.70 W
110 1.60 M 1.38 8
103 1.47 Vs 1.Lsg vs
(511) (333) .42 W 1.42 M
006 140 '
200 1.138 W 1.37 VW
112 1.36 ) 1.35 M
201 1.34 M 1.33 M
Lo 1.31 W 1.31 M
00k 1.30 v 1.28 M
311 1.25 W
202 1.22 W 1.21 W
(113) (104) 1.17 M 1.16 M
313 1.13 W
533 1.1 ™ 1.13 W
622 1.12 M 1.11 M
203 1.08 M 1,07 M
211 1.03 M 1.02 M
114 1.01 M 1.00 M
{731) (553) 0.96 M 0.97 S
204 0.93 W 0.0L W
800 0.9 v 0.93 VW
300 0.92 W 0.92 W
213 0.90 M 0.89 M

a Nickel filtered Cugea rediation

b M-1060, Alloy L-166 (0.52%Li, 20.0%Zn). BHeat treated
for 72 hours at 500°F, quenched in kerosene.

¢ M=1061l, Alloy L-167 (3.4%Li, 18.1%Zn). Heat treated
for 72 hours at 500°F, aquenched in kerosene.

d Relative intensitlies Judged by naked eye:-
S = strong; M = medium; W = weak; VS = very strong;
VW = very weak.
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Alloy 1~167, Specimen M1061
Alpha plus MgLiZn phases (500°F)

Alloy 1~166, Specimen M1060
Alpha plus MgliZn plus and unknown phase (500°r)

Pig. 29 X~-ray Diffraction Patterns

Figure 3Q

Neg. No. 302 Spec. M1262 Magnification: 300X
Etch: 10 gm. salicylic acid in 300 ml. ethyl alcohol, 8 sec.
1-273, Charge 414, intended 0.5%Li, 20.0%Zn. Heat treated
72 hrs. at 500°F and quenched in kerosene. Three vhases:
alpha, MgliZn, and X. The unknown phase X is detected by
x-ray diffraction but could not be identified. Its etching
characteristics appear to be similar to those of MgLiZn.

WADC TR 52-169 45
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between alpha plus MgLiZn and alpha plus beta plus MgliZn must
be a straight line from the intersection Jjust mentioned to the
composition of ¥gliZn. The boundary between alpha and alpha
plus MglLiZn was well fixed by several experimental points. For
the three phase reglon - alpha plus MgLiZn plus liquid, the
boundaries were drawn from experimental points and a considera-
ticn of the composition of MgliZn. The boundary between alpha
and alpha plus liquid was fixed by the known point on the
binary magnesium-zine dlagram at one end and by experimental
peints at the other end.

Phase Boundaries at 500°F

The results of mlcroecoplic examination are plotted on

Fig. 32 for alloys heat treated at 500°F and the phase boundaries
are drawn in their most probable position. The three boundaries
of the alpha plusg beta region were fixed by the points on the
binary megnesium~lithium disagram and by experimental points in
the ternary dlagram. The three straight line boundaries of the
alpha plus beta plus MgliZn field were established by experi-
mental pointe and confirmed by the extrapolation to the composi-
tion of MgliZn. The boundary between beta and beta plus MgLiZn
wag fixed by experimental points up to about 12% lithium and
14% zine and tentatively located for higher alloying additions.
Tentative boundaries between alpha plus MgliZn and alpha plus
MgllZn plus an unidentified phase and between alpha plus MgLiZn
plus thils unidentified phase and alpha plus this unidentified
rhase were drawn but these boundaries were not well located for

reasons stated previously.

Comparison of the Constitution at 500° and at 700°F

The most apparent dlfference between the constitution at
500° and at 700°F was in the extent of the alpha, alpha plus
beta and beta phase fields. As in the magnesium-lithium
=aluminum alloy system, all of these fields were smaller a%
S00°F than at 700°F. The amount of Ilithium in solld solution
was nearly the same but the solubility of zinc was much lese
at 500°F. In addition to this major change in constitution, the

position of other boundaries changed slightly as shown in Figs.
21 and 32. o ) | _

"~ EXPERIMENTAL WORK IN PROGRESS

"Experimental work has been discontinued on the constitution
of magnesium-lithium ternary alloys because of thelr lack of
stability. The present work on the constitution of magnesium
alloys is devoted to the magnesium-thorium and megnesiumezine
~zirconium alloys. '
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BECTION II
LOW ALLOY CONTENT HIGH DUCTILITY MAGNESIUM ALLOYS

INTRODUCTION

The oblect of this work was to produce alloys for sheet
with a good combination of strength and formabllity by using
small amounts of alloying elements and the proper combination
of mechanical work and heat treatment. The idea for this study
originated in a discussion with Hubert Altwicker, formerly
Technical Director of the Light Metal Department, I. G.
Farbenindustrie, Bitterfeld, Germany. Altwicker recommended
small additions of zlne, zirconium, cerium, calcium, titanium
and posslbly aluminum and thallium. He belleved that an excellent
combination of satrength and formability could be obtalned with a
total alloy content of less than 1% by the proper balance of hot
rolling, warm rolling, straight and cross rolling followed by a
stress—relieving treatment just below the temperature required
for complete recrystallization.

A preliminary survey was made of the followlng alloy systems
to determine what dilute alloys should be studied more thoroughly.

Magne sium-Cerium

Magne sium-Aluminum-Cerium
Magne siun~Zinc-Cerium
Magnesium-Zirconium
Hapgneslum-Zinc-Zirconium

This survey indicated that good strength and formability were not
obtained with magneslum-cerium or magnesium-aluminum-cerium
alloys and that funther study was Justified on magnesium-zine
-cerium, magnesium-zirconium and magnesium—-zinc-zirconium alloys.
However, most of the further work was done on magnesium-zine
~cerium alloys and only a limited amount on the other alloys.

ALLOY PREPARATION AND EVALUATION

Melting and Alloying

A1l alloys were prepared in lots of about 3500 grams
(7.7 pounds) using Tercod crucibles in a gas-fired furnace. Dow
pure magnesium ingot, New Jersey Horse Head Special zinc and
commercial aluminum pig were used for these alloys. Cerium was
added 28 Cerium Standard containing about 502 cerium, 1% iron,
balance other rare earths. Zirconlum was added either as
zlrconium svonge or as dense zlrconlum tetrachloride suoplied
by the Bureau cf Hinaa.
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The general procedure was to melt down the magnesium under
Dow No. 310 flux, raise the temperature to 1350° - 1400°F, make
the alloying additions and atir with a graphite or steel rod
for alloying and refining with further additions of flux. The
uge of the No. 310 flux caused some loes of cerium but this was
not excessive. After refining, the melts were usually raised
to 1500°F for better separation of inclusions, removed from the
furnace.and cooled to 1325° - 1350°F for casting. Further
details %n the melting operation were given in the Bummary Report
for 1950<. The intended composition, spectrographic analysis,
treatment and properties of all alloys are given in the tables
in Appendix III.

Casting and Homogenizing Ingots

Ingots for rolling were cast horizontally as slabs, 8 inches
long, 3 inches wide, 5/8 inch thick. Two of these ingots with
a large vertical riser over each were cast at the same time from
a single sprue. The original mold was made of graphite but this
was replaced by a cast iron mold in which bottom feeding was
used. After removal of the riser, the ingots were homogeniz ed
for 16 - 20 hours at the temperature chosen for hot rolling.

Rolling Procedure and Heat Treatment

After scalping and homogenization, the ingots were rolled
to sheet on an Oliver mill with rolls 3 inches in dlameter and
5 Anches 1n length and with a surface speed of 16~1/2 feet per
minute. The roll temperature was maintained at 400°F for all
hot and warm rolling by means of manually controlled gas burners.
The rolling achedule was standardized as given in Fig. 33.

Rolling conditlons were used as specified below.

1. Hot Rolling - rolling at a temperature believed
to be above the recrystallization range for the
conditions involved.

2. Warm Rolling = rolling at an elevated temperature
believed to be below the recrystallization range
for the conditions involved. , _

3, Cold Rolling - rolling at room temperature.

In general, slabs were reduced to 0.20 inch by hot rolling
on a constant draft schedule. Stock for warm rolling was then
alr cooled and reheated later to the warm rolling temperature.
From 0.20 inch to 0.064 inch, the material was reduced by hot
or warm rolling by a conatant percentage reduction between
reheats. Hot rolling of sheet to be finished cold was stopped
at the proper thickness above 0.064 inech. This sheet was '
reheated at the hot rolling temperature for one hour, air cooled,
pickled and then cold rolled 0.001 inch per pass to the final
thickness.
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Ag.cast Ingots
5/8" x 3* x 7*

Homogenize

Hot Roll to 0.200" Slab

Hot Roll to 0.064" 8heet Warm Roll %o 0.064% Sheet

Determine
Recrystallization Curve
for Samples Heated One

Hour

Low Temperature High Temperature
Stress Rellevs Anneal Anneal
Deternine

Mechanical Properties

Figure 33

Standard Bechedule for Survey of Mechanical Properties
of Magnesium Alloys
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After roliling, recrystallization curvea wers determined by
hardness teats and used as a hasis for the thermal treatment and
the specimen nomenclature are given in the following list. When
necessary, specimensg for mechanical teste wers flattened by
heating vetween ateel plstes for one hour at 250°F.

hot rolled sheetd

warm rolled sheet

cold rolled sheetl

8 - gtress-relieved at a temperature

below the recrystellization range

AL ~ "annealed" at the middle of the
recrystallization range to achlieve
partial recrystallization

AH - annealed to achleve complete

recrystallization

=
P it

Mechanical Testing

The hardness values for the recrystallization curves were
determined on Vickers hardness testing equipment. A 5 kilogram
load was used on specimens finished by 3/0 metallographlc polish-
ing paper.

Tenslle tests were made on sheet specimens having a thickness
of 0,064 inch, a width of 3/4 inch and a 2 inch gage length in
a reduced section 0.500 inch wide and 3 inches long. The yield
gtrength was taken at the offset of 0.2% strain on the stress
~-gtrain curve.

Compression tests were made on specimens of 0.064 inch sheet
5/8 inch wide and 2-.5/8 inches long. These specimens were
supported in a Jig to prevent buckling as they were tested. The
yleld strength in compression was taken at the offset of 0.2%
straln on the stress-strain curve.

Notch sensitivity data were determined in an Olsen Stiffness
Tester using & specimen 0,062 inch thick, 1 inch wide and 3-1/8
inches long. A U5 degree notch with an0.030 inch radius at the
root was machined in each edge at 3/4 inch from one end so that
the distance betwesen the roote of the notches was 0.50 inch.
Bimultaneous readings of the bending moment and angular deflection
were recorded as the specimen was stressed %o destruction.

Further information on thig and the gther mechanical tests was
glven in the Summary Report for 1950<.

Minimum bend radius testing wase done on sheared blanks 3/b4
inch wide and 2-1/2 inches long. The minimum bend radius was
taken as the smallest radius peg around which the specimens could
be bent without fracture on a Di-Acro Bending Machine.
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MAGNESTUM-CERTUM ALLOYS

The average mechanical nropsriies for a limited number of
megnesium-cerdum alloys are given in Appendlx IIT. Table XXV.
Thesge results showed low values of strength and only fair values
of slongation compared to the commercial alloy AZ3i. Therefore,
further work on magneslume-cerium alloys was not done.

MAGNESIUM-ALUMINUM-CERIUM ALLOYS

Low values of strength and ductility were found for these
alleys 1in the 1nitlal survey so that a further study was not
made. The average mechanlcal properties for the magnesium
~aluminum-cerium alloye tested are given in Appendix III,
Table XXVI.

MAGNESIUM-ZINC-CERIUM ALLOYS

Optimum Composition and Treatment

The early work in this system ghowed that the best composi-
tion for a total alloy content of 1% was 0.8% zine, 0.2% cerium,
belance magnesium. This work also showed that the best treatment
was warn rolling at 400°F followed by annealing Just above the
recrystallization range. This treatment gave a completely
recryatallized fine grained siructure with & small amount of an
undissolved phase.

The good properties of these alloys led to an extension of
this investigation fo higher conteants of zine and cerium. A
study of alloys containing from 0.2 to 3.0% zinc and from 0.1 to
le5% cerium showed that the best properties were available with
alloys containing from 0.7 to 1.5% zinc and from (.2 to 0.6%
cerium. Representative values for the machanical properties of
alloys 1n thls range are given in Tseble XIV. These data showed
that the nominal composition of an alloy for an excellent
combination of mechanlcal properties should be 1.0% zinec, 0.4%
cerium, balance magnesium.

This optimum composition (1.0% zinc, D.4% cerium, balance
megnesium) was investigated further by determining the tensile
strengths and elongation for hot and warm rolled specimens
treated at 300°, 400°, 450°, 500°, 550°, 600°, 700° and 800°F for
one hour. The.resulting data are shown in Fig. 34. These curves
show that the highest values of elongation for both hot and warm
rolled sheet were obtained by annealing in the temperature range
from 600° to 700°F.
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TABLE XIV

MECHANICAL PROPERTIES OF MAGNRESIUM-ZINC-OERIUM ALLOYS
0.7~1.5% ZING, 0.2-0.6% CERIUM

Intended
Alloy Compoaition and Elong.
Designation (Bpeotro. Anal,) Kips per sg. in. % in
Zine Cerium C¥8 TYS UTS 2 inches
R791HAH 0.8% 0.3% 12.6 22.7 33.0 22.0

(0.9) {0.15)

R788HAL 0.8 0. 22.7 30.2 37.3 20.0
{0,91) (o.go)

R853WAL 1.2 0.5 13.9 22.9 33.4 20.0
(1.18) {0.60)

R8LSHAL 0.8 o.g 15.7 20.6 31.7 20.7
(0.68) (0.53)

R81L4WS 1.5 0.3 2h.h 32,6 40.5 20.5
(1.2) {0.38)

R855HAL 15.8 21.3 33.3 21.7

1.z 0.6
(1.h5) (0.43)

Mechanical Properties

A comparison 1s given in Table XV between the mechanleal
properties of commers#ial sheet alloys and of the magnesium, 1.0%
zine, 0.4% cerium alloy treated at 600°, 650° and 700°F aften
hot and warm rolling. The magnesium-zinc—cerium alloy showed &
greater elongatlon than the other alloys for simllar values of
the compressive and tensile yileld strengths. Algo, the toughness
was good for thils alloy as shown by the high values for the statilc
rupture energy. The minimum bend radius for the magnesium-zine
~cerium alloy indicated good formability but these values were
determined under different testing conditions than used for the
commerdlal alloys.

Most of the mechanical properties were determined
parallel to the direction of rolling and only a small number of
tests were made transverse to the rolling direction. Thigs was
due to the limitations of the equipment avallable for rolling
wide sheet. However, data from a limited number of transverse
specimens are glven in Table XVI in comparison with data from
longitudinal specimens. The sheet for these teste could not be
rolled according to the standard rolling procedure but the
conditlon approximated hot rolling.
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The average values of the elongation in the transverse direc-
tion exceeded those paralliel to the rolling directlion and one
transverse value was 32%. The values for compressive yleld,
tensile yileld and ultimate strength were lower in the transverse
specimens than in the longitudinal specimens but the difference
was not excesslve. However, good toughness and formability was
indicated for both directlons.

Warm rolling of maegnesium-zlinc-cerium alloys produced a good
combination of mechanical properties but this method 1ls not ideal
for commercial operations. Therefore, an attempt was made %o
acnieve the same structure and propertles by cold rolling and
annealing. Hot rolled sheet was given cold reductions of 10, 15,
20 and 25% and then heat treated. These temperatures for heat
treatment were chosen to glve various amounts of gtress-reliefl
and recrystallization. An upward trend in strength and ductlility
was evident as the amount of cold work was increased but the best
results were not as good as those obtalned by warm rolling.
However, a series of cold reductiong and anneals might reproduce
the structure and properties obtained by warm rolling.

A summary of the average mechanlcal properties of all
magnesium-zinc-cerium alloys is given in Appendix III, Table XXVII.
A summary of the properties obtalned by cold rolling and annealing
is given in Appendix III, Table XXVIII.

Microstructure

In studying the structure of magnesium—zineg-cerium alloys,
1% was found that the best combinatlons of strength and elongation
were associated with a fine equiaxed grain gtructure. 4 completely
recrystallized sitructure gave better properties than a siress
-relieved structure. The microstructure for alloy R851 {magnesium,
1.0% zinc, 0.44% cerium) hot rolled and then heated one hour at
300°F is shown in Fig. 35. The average graln size was 0.00031 inch
and.the grains were slightly elongated. The alloy in this con-
dition had an elongation of 17% in 2 inches. Heating this alloy
for one hour at 600°F gave equiaxed grains with an average grain
diame%er of 0.00042.1inch as shown in Fig. 36 and an elongation
of 27%.

The addlition of cerlum ito magnesium-zine alloys introduced
& small amount of a second constituent and caused a reductlon in
grain size for all conditions of treatment. The second constituent
did not dissolve during the processing to produce sheet. The hot
rolled and anneczled structure of the alloy magnesium, 1.0% zinec
is shown in Fig. 37. The structure of thls alloy was coarse
compared to that of magnesium, 0.8% zine, 0.2% cerium shown in
Fig. 38 and to that of magnesium, 1.0% zine, 0.44% cerium shown
in Fig. 40. A similar reduction in grain size was observed for
each of the other conditlons of rolling and heat treatment.
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The second constituent due to cerium appeared as fine
particles, globules and stringers in the finlshed sheet. This
condition ia shown in Fig. 39 for the alloy magnesium, 1.0% zine,
0.44% cerium hot rolled and stress-relieved one hour at 300°F,
Heating this alloy for one hour at 600°F caused coalesence of the
particles and the stringers appeared less continuous. This
structure is shown in Fig. LoO.

MAGNESIUM-ZIRCONIUM ALLOYS

The most succesaful methods for adding zirconium were from
dense zirconium chloride and from zirconium sponge obtalned from
the Bureau of Mines. These materlials gave better resultse than
TAM zirconium flux and a mester alloy containing 60 magnesium
- 0 zirconium but many of the alloys contained a large quantity
of inclusions so that they were conegldered too dirty for testing.
The alloys tested 4id not show a typical recrystallization curve
so all relling was considered to have been hot working.

The average mechanical properties of these magnesiunm
~zirconium alloye are given in Table XXIX of Appendix III.
However, these properties are not considered to be represehtative
of the best obtainable from maghesium-zirconium alloys.

MAGNESIUM-ZINC-ZIRCONIUM ALLOYS

The alloys in thils system were tested only in the ho% rolled
condition. These alloys rolled very well so homogenizaetion was
not necessary and greater reductlons per pass were possible. The
mechanical properties of these alloys are given in Table XXX of
Appendix III.

The outstanding feature of these maghneslum-zlinc—zirconium
alloys was the high ratio of compressive yleld strength to tensile
yield strength. The strength values were good and the elongation
valueg were falr. There were conslderable quantities of
inclugions in these alloys so that these elongation values were
not considered as representdtive of the best obtalnable from
clean alloys In this system.

EXPERIMENTAL WORK IN PROGRESS

Work has been started to determine the properties of the
dilute magnesium-zinc-calclum alloys. In addition, work 1s
planned to determine the effects of small additlons of lithium
to magnesium-zino—cerium and magnesium-zine-calcium alloys.
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Figure 35

Neg: 137 Spec: M1309-1 Mag: 500X Etch: Acetic Picral
Oblique illumination, longitudinal section of ,

R851H magnesium=1,0 zinc=0.U4 cerium hot rolled and stress~

releived one hour at 300°F, Average grain size was 0.00031

inches. Elongation in 2 inches was 17%.

Pigure 36

Neg: 139 Spec: M1309-3 Mag: 500X Etch: Acetic Picral
Oblique illumination, longitudinal section of R851H, hot

rolled and heated for one hour st 600°F. Average grain size was

0.00042 inches. Elongation in 2 inches was 27%.
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Figure 37

Neg: 201 Spec: M-630-2 Magt 100X Etch: Acetic Picral
longitudinal section of R672H, magnesium-1.0 zinc, hot

rolled and annealed. Completely recrystallized with grain

size between 0.0013 and 0.0035 inches. \

Figure 38

Neg: 206 Spec: M633-L Mag: 100X Etch: Acetic Picral
Longitudinal section of R614, magnesium-0.8 zinc-0,2 cerium,

hot rolled and annealed. Completely recrystallized with grain size
averaging 0,0013 inches. ‘
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Figure 39

Neg: 134 Spec: M1309-1 Mag: 500X Etch: Glycol

Longitudinal section of R851H, hot rolled and stress
relieved. Secondary constituents are visible. Note the
apparent duplex structure of some of the globules.

Figure 40

Neg: 136 Spec: 1309-3 Meg: 500X Etch: Glycol

Longitudinal section of R851H, hot rolled and heated
one hour at 600°F. Note growth in number and size of fine
particles.
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SECTION IIIT
STUDY OF SINGLE CRYSTALS OF MAGNESIUM ALLOYS

INTRODUCTION

The purpose of this work was the growth of megnesium alloy
single cryatals and a study of thelr mechanical propertles to
determine the effects of the various alloying elements under
conditions which are not influenced by the presence of grain
boundaries. This research includss the preparation of single
crystals, the determination of the properties of theses srystals
and evaluation of the data to determine the specific effects of
individual alloying elements in strengthening magnesium.
Equipment has been consiructed and used successfully for
growing single crystals of magnesium but this equipment was not
succeesful in growlng single orystale of magnesium~aluminum
alloye during the latter part of 195l.

METHCD FOR PREPARATICN OF SINGLE CRYSTALS

Selection of a Method Ffor Growth

Three reculrements ware used £x a basis Ior the choiss of
a method for preducling single corystals. These were:
i. The method should produce singls cryetals approxi-
mately 1/2 inch in dlameter and 8 inches or more
in length.

2. The method should produce substential quantities
of slngle crystals with & high dsgree of perfection
0f surface and internal structure.

3. The method should be as simple and as free from
manual operation as possible.

After dlscusslons with other investigators and a literature
survey wihlch was reviewed in the Zummary Repori for 1949,5 it
wae decldsd teo use a wodified Bridgman method. This method
grows glngle crystals during the sclidification of a melt under
a centrolled temperaiture gradisnt. The eaqulpment for thls
method was Eased on the priaciple of construction used by
FParnsworthl? and on the deslgn dsseribed by Jillson..3 The
advantages of thlg equipment were considered to be as follows:-
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1« The size of the single crystals would be limlited
only by the size of the furnace and of the molds
for the crystals.

2. The temperature gradient could be varied over a
wide range and controlled to close 1limits.

3., The effects of crystal mold movement would be
eliminated.

L, The equipment would be equally sultable for
producing single crystals by controlled growth
from the liquid state and by the critlecal
deformation-thermal treatment method in the solid
state.

Princivle of Operation and Construction of Equipment

The original Bridgman method uses relative motion between
the furnace and the melt in order to cause sclidification under
controlled conditions. The modified Bridgmen method produces
the desired temperature gradient in the melt, keeps the furnace
and melt statlonary and then moves the temperature gradient to
lower temperature levels at a controlled rate. A detalled
discussion of the prineiple, constructlon and operafion of this
equipment was given in the Summary Report for 1949. The
essential features of construction and operation are summarized
below.

The electric gradient furnace consists of a silicon carbide
tube mounted vertically with adequate insulatlion in a steel
shell. This refractory tube has an internal dlameter of 3-1/2
inches, an external diameter of 41/2 inches and a length of
3¢ inches. A main winding of Nichrome V wire was placed along
the entire length of this tube and auxilliary windings, insulated
electrically from the main winding, were placed along the last
6 inches at each end of the tube. The electrical circults of
all three windings are individually controlled so it is possible
(2) to change and control the general furnace temperature by
varying the current in the maln winding and (b) to adjust the
temperature gradlent along the length of the furnace tube by
proper adjustment of the current in each end winding.

A gas tight stalnless steel contaliner was constructed to
fit within the furnace tube in order to furnigh a chamber for
growing slngle crystals in an inert atmosphere. Six chromel
~a2lumel thermocouples were placed at 3 inch intervals along the
cerystal molds in this container so that the temperature gradient
could be determlined at any time. Recently, thls contalner was
modified to provide:
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1. New centainer flanges for use wlth a2 metallie
gasket rather than an asbestos gasket

2. Eight thermocouples centrally located in the
container and readily replaceable

3. A hermetically sealed terminal panel for leading
thermocouple cirecults out of the container

Theass revisions have given greater economy in the use of helium
and conslderable improvement in the ease of vperation.

The furnace temperature can be changed at & specified
rate ——- without changing the temperature gradient along the
length of the furnace -- by means of a motor driven gear train
linked to the temperature disl on the controller which governs
the current in the main furnace winding. Rates of change of
temperature from 720° tc 1.3°F vper hour are possible by the
proper selection of three interchangeable parts in the gear
traln. Thersfore, after a temperature gradient is establlished
along the length of the crystal molds, this gradient may be
moved in magnlitude of temperature without appreciable change
in thig gradient. If the temperature 1ls decreased, this should
result in sollidificatlion beglinning at the bottom of the molds

and progressing toward the top wlithout relative motion between
the molds and the furnace.

General Procedure for Growth of Single Crystals

The following procedure was used in all attempts to grow
gingle crystals of magnesium and of magnesium alloys.

1. Molds were machined from 1 inch diameter Acheson®
graphlte rods. The original molds produced a
casting which began to golidify in a 1/8 inch
diameter, 3/4 inch long cavity a2t the bottom of
the mold and then progressed to a 1/2 inch
diameter chamber. The external dliameter of the
mold was 7/8 inch.

2. A 80l1d rod of magnesium or magnesium alloy was
placed in the graphlte mold. The standard
preparation of this rod was to etch it in a 10%
hydrochloric aclid solution for zbout 10 minutes.
Thlis treatment thoroughly cleaned the rod and
reduced 1ts dlameter to provide adequate
clearance between it and the graphite mold.

¥ Supplied by National Carbon Company, Ine.
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3. The mold -~ or up to a total of four molds -- was
sugpended in the atmosphere container which was
then ingerted into the gradlient furnace operating
at a temperature near the desired maximum.

L, The container was flushed with high purity helium
at approximately 5 psl for 7 minutes. During the
remeinder of the run, only a small posltive
pregsure of helium wag maintained. Thls preassure
was read on an open end manometer using oll as
the fluid.

5. When the mold bottom was about 50°- 100°F above
the ligquidus temperature, final adjustments of the
temperature gradient were made to provide a linear
glope of the desired magnitude.

6. The temperature of the furnace was allcwed to drop
at the selected constant rate until the upper part
of the mold wag at least 100°F below the solidus
temperature.

7. All heating current was turned off and the molds
cocied wilth the furnace to room temperature. The
zogltive pressure of helium was maintained until
the mold temperature was below 400°F.

Sxperinental Operation of the Gradient Furnace

The initial operation of the gradient furnace was for the
growth of magnesium castings. The material used 4in this work
wag high purity magnesium in the form of 1/2 inch extruded roi.
The impuritles in this magnesium were as followe:-

Al £40.003% Ni «£0.001%
Ca <£0.01 Pb <£0.01
Cu <£0.001 81 £0.01
Fe 0.002 Sn  £0.001
Mn 0.006 Zn £0.01

Experimental detaile of mold preparation and grovih con-
dlticns Ter five runs with high purity megnesium are summarized
in Table XVII . The basis for deciding whether or not the
casting wes a single orystal was wvisual inspection after
etching for about one minute in 10% hydrochloric acid solution.
A single orystel exhibited clear evidence of slx zones of high
Inteneliy reflection, extending longltudlnally for thes entirs
length; when rotated through one complete revolution.
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A general gray surface film and a condition of top oxida-
tion was observed on all of the castings. It was bellieved that
the majJor cause of these conditiona was the presence of moisture
or adsorbed materials in the graphite. As shown in Table XVII |
attempts to remove these materials improved the general surface
of the ecastings but did not eliminate the top oxidation of the
castings. However, these condltions dld not prevent the growth
of high purity magnesium single crysetals.

In preparation for the growth of magnesium alloy single
erystals, 15 high purity alloys were melted and cast under =a
protective atmosphere of helium and then extruded to 7/16 inch
diameter rod. The intended compositions of these alloys are
listed in Table XVIII. The magnesium used was & redistilled
product with impurities as followe:

Al <0.003% Ni «€0.001%
Cu <0.001 51  €0.01
Fe  £0.001 8n  <0.001
Mn 0.002 In £0.01

The aluminum was & special purlty grade containing more than
99.99% aluminum and the zine was Horse Head Special grade with
99.99+% zinec. The cadmium was purchased as & high purity grade
but an analysis was not avallable.

Before the high purity magnesium—aluminum alloys were
prepared, one ru-with three crystal molds was made in an attempt
to produce magnesium-zine singie crystals. These three alloys
were prepared with Dow Pure magnesium and were found to contain
0.85, 2.65 and 4.00% zinc, respectively. A temperature gradlent
of 20 °F/in. and a rate of cooling of 26 °F/hr. were used as for
the successful growth of single crystals of high purity magnesium
but all of the castings were polycrystalline. The first attempts
to grow high purity magnesium alloy single crystals were limited
to the magnesium - 0.5% aluminum and magnesium - 1.0% aluminum
alloys. A summary of the experimental conditions and of the
results for four runs to produce 12 castinge of these alloys is
given in Table XIX . All of the rods were polycrystalline but
favorable conditions for the growing of single crystals were
approached in some cases.

Castings 7A, 7B and 7C were not single crystals but they had
large columnar grains along the top half of their length. The
study of these structures and the temperature conditions during
thelr production led to the belief that a temperature gradient of
15°F per inch would be more favorable fer growing single ecrystals.
This new growth condition was used for the next run which also
used a mold slightly modiflied at the teat cavity. Ag shown for
mold modifieatlon No. 1 in Table XX, a taper pin reamer was used
to finish thls cavity because the castings were firmly held at
this point although they were loose in the maln chamber.
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TABLE XVIII
HIGH PURITY BINARY MAGNESIUM ALLOYS

Intended Composition

Alloy Al Zn .}
8C-1 0.5% - -
8C-2 1.0 - -—
80-3 2.0 - —
8¢-5 100.0 - -
30-6 - 0.5% -
3C-7 _— 0.5 —
SC-8 - 1.0 -
5C0~9 - 1.0 —
8C-11 - b,0 —
§C-15 - 100,0 -—
8C0-12 — — 1.0%
5C-13 - -~ 5.0
S0-14 — —- 30.0

Castings 84, 8B and 8C were easily removed by inverting the
molds and allowling them to slide out under their own welght.
However, the modification of the temperature gradient did not
produce single crystals although all of the castings were very
coarse grained. Casti 8B showed soms grains extending for 1lis
entire length and its 1/2 inch diameter cross sectlion contained
only five or six grains. Thé examination of these castings showed
that the transition zone from the teat cavity to the msin chamber

was & reglon of multiple nucleation.

Mold modifications No. 2, 3 and 4 were used for the
in an attempt to eliminate multiple nucleation above the
cavity but they were not successful. OCastings 9A and 9B
gralned than those produced in the two previous runs and
showed considerable sollidificetion shrinkage along their
Casting 90 was polycrystalline but it had large columnar

next run
teat

were Tiner
also
length.
grains

above the transition zone. From these results, 1t was concluded
that a teat cavlity should be used together with an additlional
device to prevent the continued growth of more than one grain.
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Bridgman16 described a three chambered vessel which was used
succesgfully in growing single erystals of low-meliing metals.
The essential feature of this device was a constriction between
the region of initial solidification and the chamber for the
growth of the large single crystal. The constriction minimized
the chanceg for the continued growth of more than one cryetal
even though multipls growth occurred in the first chamber.
Therefore, a constriction hetween the teat cavity and the main
chanmber was provided by the use of & graphite ingert with a
central crifice as shown 1in Table XX for mold meodifications XNo.

6=1, 6m=2 and 6=3.

Castings 104, 10B and 10C show the results from using these
three variations in the length and dlameter of the constriction
between the two chambers. These castings were polyecrystalline
but an encouraging result was obtained in caesting 10A for which
the smaller diameter orifice (0.067 inch) was used. Growth of
a single crystal contlnued from the orifice for a distance of
approximately 1/2 inch in this casting before the growth of a
coarse columnar structure occurred. pparently, the consdtriction
cauged the growth of a single crystal to start and to continue
for a short distance before additional nuclel were formed. The
formation of these new nuclel may have been due to faulty cone
8itlons of heat flow. Under optimum conditions, all of the heat
should flow away axially through the solid metal, Then the
center of the rod is colder than the surface and the solid-lliquid
interface 18 convex rather than horlzontal or concave.

Modirication of the Container Sealing Systenm

When all of the thermocouples except one developed open
circults in run No. 9, it was decided to reconstruct the sealing
system after run No. 10 in accordance with plans for which
equipment had been obtained. The revised ecquipment provided:-

1. New container flanges for use with & metallle gasket.
2. Eight thermocouples located along the axis of the
contalner and readlly replaceable in case of
fallure.

3. A hermetically sealed 20 terminal panel for leading
thermocouple clrcults out of the contalner.

The first tests of this revised equipment showed conslderable

improvement. Less hellum was used and the ease of operation
and control were consliderably gresater.
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EXPERTMENTAL WORK IN PROGRESS

Further studies with the gradient furnace are being made
to determine why single cryotals of magnesium alloys were net
obtained although single crystals of pure magnesium were grown.
The cause may have been the presence of some foreign maferlal or
impurity which caused multiple nucleation or it may have Dbeen
due to =2 deviation from the conditlons of heat flow which were
favorabls to the exclusive growth of one grain. The polyecrystslline
castings will be examined mlcroscopically to determine whether
gome non-metallic incluslon or secondary microconstituent was
the canse Tor thelr being polycrystalline. Also, the equlpment
will be studied carefully and revised, 1f necessary, so that
heat will be removed more easily in the axial direectlon than in
any other dirsctlon.

Attempts willl be made to grow large single crystels by
critical deformation followed by thernal treﬁtment. Thie
method was used by Schmid and his co-workersl¥,15 for the growth
of crystales of magnesium—aluminum, maghesium-zline and magneslum
~gluminum-zinc alloys. The present furnace equipment is well
sulted for the thermal treatment needed for this work.

Equipment is being designed for determining the orlentation
of magnesium crystals. Also, equipment 1s planned for determining
the shearing stress to start plastic flow and to cause fracture.
This equipment willl provide axial loading as the stressed crystal
distorts and will show the progrees of elongation as the specimen
18 sitressed. _
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CONCLUSIOKS

SECTION I:- TERNARY MAGNESIUM.LITHIUM BASE CONSTITUTIONAL
DIAGRAMS, MAGNESI UM~LITEIUM~ALUMINUE AND MAGNESIUM.LITHIUM-ZING

Microscopic examination was found to be the most rellablie
method for the study of megn2sium-liihium-sluminum and magnesium
=1ithiur=-zine alloys. The XX Weldizng Grade of hellium gave gocd
protection but corrosiou znd loss of 1ithlur prevented the
gucecaseful uge of X-ray diffraction and elecirical reaslstivity
measuremente at high tempersiures.

The #5lid phaees found in the magnesium-lithium-aluminum
systsm were the hexagonal close packed alpha solld solutlon, the
body centered cubic beta solid soluilon, M gAll and AlLl. The
presence of MgLlo,Al was not found in the a%} ys éxaminea ir this
research. The isothsrmal sections of Figs. 16 and 18 show smallsr
fields for the alpha, alpha plus beta and beta fields at 5007
than at 700°F, However, the solubility for lithlum appeared.to
be nearly the same at these two temperatures.

The dlagram of Fig. 17 by Shamraill at 400°C (752°F) shows
a larger region for the beta solid solutlon than the present
diagram at 700°F. This difference appeared more than that due to
the difference.in temperature.  MglLlAl, appears on the Bhamral
diagram b it was not detected in this investigation.

The solid phases found in the magnesium~lithiun~zine alloy
syetem were the close packed hexagonal alpha solid golution, the
body centered cubic beta solid solution MgLiZn and an unidentified
phage at 500°F in alloyse containing less than 5% lithium. A
feathery precipitate of MgLl,Zn was not considered an equlilibrium
phase at either 700° or 500°§. A 1iquid phase existed at 700°F
in some alloys. The isothermel sections of Figs. 31 and 32 show
smaller fields for the alpha, alpha + beta and beta flelds at
500° than at 700°F. As before, the solubility of lithium appeared
to be nearly the.same although the solubility for zinc was much
less at 500°F.

Further investigations on the constitution of magneslum
~1lithium ternary alloys are not recommended for the immediale
future. These alloys were very reactive at high temperatures and
also lost lithium during storsge at room temperature. Studies of
the constitution of magnesium-zine-zirconium, magnesium-thorium
and magnesium-thorium-zirconium should be more useful as these
alloys show Ainteresting commercial possibilities.
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SECTION II: LOW ALLOY CONTENT HIGH DUCTILITY MAGNESIUM ALLOYS

Good combinations of strength, toughness and formability
were found in magnesium alloye containing from 0.7 to 1.5% zine
together with from 0.2 %o 0.6% cerium. The best properties were
found with an alloy whose nominal composition was magnesium
~1.0% zinc-0.4% ¢erium. The longitudinal properties of this
alloy in the warm rolled and annealed condition were as followg:-

Alloy Additions kips per sg. in. Elongation
Zn Ce CY8 TYS UTS in 2 inches
1.0% 0.49 17.3 24,0 34,2 25.0%

Higher average elongations and lower but comparable strengths
were obtalned in the limited work done with speclmens transverse
to the rolling direction.

The addition of 0.4% cerium to magnesium~1.0% zinc refined
the grain structure and introduced a small amount of a second
phase. The meximum elongation was assoclated with a fine equlaxed
gralin structure oroduced by warm rolling and then heat treating
Just above the recrystallization range. The structure and
properties corresponding to the warm rolled and annealed ccndition
were not reproduced by a single oycle of cold rolling and anneal-
ingc

A series of cold reductions and heat treatments should be
tried to duplicate the structure and properties obtained by warm
rolling and annealing. Also, this magnesium-zinc-cerium alloy
should be melted in larger quantities and rolled to wider sheet
for a more extensive study of its properties transverse to the
rolling direction.

SECTION III: STUDY OF SINGLE CRYSTALS OF MAGNESIUM ALLOYS

The temperature gradient furnace was found sultable for the
growth of large single crystals of high purlty magnesium by
controlled solidification. The etched surfaces of these crystals
were relatively smooth and free from imperrfections.

The condltions of growth were found to be much more eritical
for the productlion of single crystals of magnesium alloys.
8ingle crystals of magnesium-aluminum and masgnesium-zine alloys
were not obtalned by any procedure trled for their growth by
controlied solidlfication. The etched surfaces of the castings
were rougher than those of pure magnesium and more solidification
shrinkage was observed.
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Pavorable conditions for the growth of very coarse gralns
were found but multiple nucleatlon was not prevented. Multiple
nucleation may have been due to the presence of some forelgn
material or to a breakdown of the conditions for controlled
directional solidification.

Further work 1s recommended to establish the conditlons for
the growth of magnesium alloy single crystals by controlled
golidification. Careful attention should be glven teo the con-
ditions of heat flow to make sure that all of the heat flows
away axially through the solid metal and the mold bottom rather
than laterally through the mold wall.

Experimental work should also be done on the growth >f mag-
nesium alloy single crystals in the solid state by critical
deformation followed by thermal treatment., This method was used
sucesssfully by Schmid and his co-workeralds15 to grow magnesium
~aluminum, magnesium-zinc and megnesium-aluminum~zine alloy
single crystals.
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APPENDIX I

TABLE XXI

INTENDED COMPOSITION, CHEMICAL ANALYSIS
AND CONSTITUTION OF
MAGNESIUM-LITHIUM-ALUMINUM ALLOYS

Intended
Composition and Heat Phaseg Present and
Chemical Anzlysis Treatment Estimation of
Extrusion Li AL  Time Tem Relative Amounts (%)
Alloy _ Charge (wt.%) (wt.%) (Hn) ? Alpha Beta Mgy-Al;> AlLL
Le14 - 17.6 -
L-15 - 10.0 -
1-16 - 15.0 -
L=-17 - 11.0 -
1-18 - 2.9
(1.053) -
L-19 153 -
(3 ag) - - - 106 - - -
- 72 700 100 - - -
72 500 100 - - -
L-20 151 8.0 -
(7.7} - 50 50 - -
96 700 50 50 - -
72 500 50 50 - -
L-21 157 12.0 -
(12.25) - - - - 100 - -
(11.85) - 24 700 - 100 - -
L-22 154  10.6 5,0 - -
{(10.2) (b.65) - - 10-15 80-885 = 5
96 700 5 90=95 = 5
72 500 15 80 - 5
1L-23 155 10,0 10.0
- - 33 33 - 33
72 700 35 35 - 30
72 500 35 35 - 30
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TABLE XXI (Cont'd)

INTENDED COMPOSITION, CHEMICAL ANALYSIS
AND CONSTITUTION OF
MAGNESIUM-LITHIUM-ALUMINUM ALLOYS

Intended
Composition and Heat Phases Present and
Chemlcal Analxsig Treatment Estination of
Extrasion Time Tem Relgtlive Amounts gzz
Alloy _ Charge (wt.%) Lwt %) (Hn) §°Fs Alphs DBeta Mg15Al,, AILL
L-2L 156 9.4 15,0
- - 4o 25 - 35
72 700 40 25 - 35
72 500 40 25 - 35
L-25 161 8.9 20.0
(8.54) (18.9) - - 80 - - 20
- 72 700 80 - - 20
72 500 80 - - 20
L=26 158 8. 3.0
(8.44) (L.65) - - 40 40 - 20
96 700 23 0 - 0m2
72 500 0 - 20
L-27 159 8.2 10.0
- -~  Lo-45 20 - 30-40
72 700 40-45 20 - 0=L0
72 500 50 10 - 0
L-28P - 8 -
L-29° - 12 -
L-30¢ - 12 -
- - - 90 - - 10
(7.1) (12 5) 24 700 90 - - 10
(7.1) (13.8) 72 500 90 - - 10
L-32 233 7.3 20
(6.8) (17.2) 24 700 90 - - 10
(6.8) (17.5) 72 500 80 - - 20
L-41 165 6.25 -
(2.61) -
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TABLE XXI (Cont'd)

INTENDED COMPOSITION, CHEMICAL ANALYSIS
AND CONSTITUTION OF
MAGNESIUM-LITHIUM~ALUMINUM ALLOYS

Intended
Composition and Hest Phases Present and

Chemical Analysig Treatment® Estimation of
Extrusion Al Time Tem Relative Amounts (%)

i
Alloy _ Charge (wt.%) (wt.%) (Hn) (°F) Alphs Beta Mgi,Aly, AIL3

L-43 175 15
(15.15) - - - - 100 - -
96 700 - 100 - -
72 500 - 100 - -
Lty 176 20 -
(19.25) -
Lel47 178 5.9 -
24 700 100 - - -
72 500 100 - - -
L-51 185 6.5 2,2
(7.6) (2.02) - - 60 40 - -
96 500 60 40 - -
Le=52 189 5.6 L4.,0
(4.9) - - - 100 - - -
96 700 100 - - -
72 500 100 - - -
L-53 152 5.5 6.0
96 700 100 - - -
72 500 97 - - 3
L5l 188 5,8 2.0
- - - - 100 - - -
(5.4) (1L.9) 24 700 100 - - -
(5.1) (1.9) 72 500 100 - - -
L-55 190 6.1 2.0
(5.10)} \1.87)
L-56 191 6.0 4.0
(4.70) (3.87) - 100 - - -

96 750 100 - - -
72 500 100 - - -
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TABLE XXI (Conttd)

INTENDED COMPOSITION, CHEMICAL ANALYSIS
AND CONSTITUTION OF
MAGNESIUM-LITHIUM-ALUMINUM ALLOYS

Intended
Compoeltion and Heat Phases Present and
Chemlcal Analxsia Treatment® Estimation of
Extrusion Time Tem Relative Amounts (%)
Alloy _ Charge (wt.%) (wt %) (Hr.) (°F) Alpha Beta Mgj,Al,, AlLi
L=57 196 5.9 6,0
(3.536) (6.14) - - 100 - - -
(5.2) (6.0} 24 700 100 ~ - -
(5.1) (6.0} 72 500 97 - -~ 3
L-58 193 13.6 5.0
(12.6) (5,06) - - - 100 - -
96 700 - 100 - -
72 500 = 100 - -
L=59 194 12.9 10.0
- - - 60 - 40
1wk 7200 - 80 - 20
72 700 - 65 - 35
72 500 - 65 - 35
L-60 195 12.2 15.0
- - 30 50 - 20
72 700 Lo 30 - 30
72 500 25 50 - 25
L-61 23l 11.4 20.0 ' X
- - - -— 3 3 -
(9.2) (20.3) 24 900 0 0 - go
(11.3) (19.7) 24 700 Lo 40 - 20
72 500 35 35 -~ 30
L-62¢ - - L5.04
- (4h.0)
L-63% - 20.4 79.
(24.1 (73 2?
L-68 201 3.2 -
L=-69 202 3.2 2.0

WADC TR 52-169 gy



TABLE XXI (Cont'd)

INTENDED COMPOSITION, CHEMICAL ANALYSIS
AND CONSTITUTION OF
MAGNESIUM-LITHIUM-ALUMINUM ALLOYS

Intended
Composltion and Heat Phasee Present and
Chemical Analyeisg Treatment® Estimation of
Extrusion Li Al Time Ten Relgtive Amounts
Alloy _ Charge (wt.%) (wt.%) (Hn) (°F§ Aipha Beta Mgy,Al;, AlLL
L=70 203 3.1 L,o
(2.75) (3.65) - - - - - -
24 700 100 - - -
72 500 100 - - -
L-71 204 3.0 6.0
- - - - 100 - - -
(3.0) (4.2) 24 700 100 - - -
(2.7) (5.1) 72 500 100 - - -
L-72 205 1.0 2.0
L-73 206 1.0 L.,0
- (0.9) (3.6) 72 500 95+ - 5 -
L-74 207 0.9 6.0
' - - - - 100 - - -
(0.8) (5.0) 24 700 100 - - -
(1.0) (4.9) 72 500 97 - 3 -
L-75 208 - 2.0
L~76 209 - 4.0
L-77 210 - 6.0
L~01 260 11.0 -
- - - - 20 80 - -
(10.5) - 24 700 10 90 - -
n2 500 10 90 - -
L=92 261 10.0 -
- - - - - 100 - -
(14.9) - 24 700 - 100 - -
72 500 - 100 - -
L=120 284 9.0 2.8
- 50 50 - -

24 700 20 20 - -
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TABLE XXI (Cont'd)

INTENDED COMPOSITION, CHEMICAL ANALYSIS
AND CONSTITUTION OF
MAGNESIUM-LITHIUM~ALUMINUM ALLOYS

Intended
Composition and Heat Phasges Present and
Ghemical Analvsis Preatment® Estimation of
Extrusion Time Ten Relative Amounts (%)
Alloy _ Charge (wt.%) (thg) (Hn) (°F) Alpha Beta Mglzfllz AlIL1
L-121 258 10.5 2,5
(99-9.8) - - - 20 80 - -
(9.7) - 24 700 15 85 - -
(10.6) (2.6) 72 500 35 65 - -
L-122 259 12,0 2.5
n.6-1.9) - - - - 100 - -
(10.8) - 24 700 - 100 - -
(12.2) (2.4) 72 500 5 95 - -
1L-123 253 8.5 k.o
(8.0-7.9} (5.9) = - Lo 40 - 20
(7.4) (6.7) 29 700 60 40 - -
72 500 55 37 - 8
L-124 25l 11.5 5.0 :
(10.3) (5.3) = - 20 20 - 10
(10.0) (5.6} 24 700 30 70 - -
72 500 35 55 - 10
L-126 256 11.5 10.0
- - - - 15 70 - 15
(10.8) (10.0) 24 700 20 65 - 15
72 500 30 55 - 15
Lw127 257 11.0 15.0
- - 30 35 - 35
24 700 8 38 - 2L
72 500 5 30 - 25
L-128 255 12.5 6.0
- - - ~ - 8 - 1
(11.0) (4.8 24 700 - 103 - -5
72 500 - 85 - 10
L=129 252 12.58 8.0
- - - - - 80 - 20
- - 24 700 1 90 - 9
(12.2) {8.0) 72 500 - 90 - 10
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TABLE XXI {Cont'd)

INTENDED COMPOSITION, CHEMICAL ANALYSIS
AND CONSTITUTION OF
MAGNESIUM-LITHIUM-ALUMINUM ALLOYS

Intended
Composltion and Heat Phases Presgent and
bhemical Analzsi Treatment® Fatimation of
Extrusion Time Tem Relative Amounts (%)
Alloy _ Charge (wt.%) (wt %) (Hr.) (°F) Alpha Beta MgyoAly, ALLL
L-130 268 L.s 2.0
- ~ 100 - - -
24 700 100 =~ - -
72 500 100 =~ - -
L=-131 269 3.0 3.0
- - ~ 100 - - -
24 700 100 -~ - -
72 500 100 - - -
L-132 270 5.0 10
- - - - 93 - 2 5
(4.7) {10.2) 24 700 93 - 2 [
24 700 93 - 2 5
72 500 93 = 2 [
L-133 271 6.0 10.0
(5.5) (7.6) 24 700 90 - 10 -
(5.3) (10.1)} 72 500 90 - 3 7
L-134 272 7.0 10.0
{6.7) (8.2) 24 700 90 - - 10
1L-1335 273 - 10
- - 70 - 30 -
24 700 70 - 30 -
72 500 70 - 30 -
1L-136 274 3.0 10.0
- - - - 50 35 - 15
(8.8-9.0) (9.8) 24 700 50 35 - 15
72 500 50 35 - 15
1-137% - 34 66
1-138 275 19.3 Lo.1
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TABLE XXI (Cont'd)

INTENDED COMPOSITION, CHEMICAL ANALYSIS
AND CONSTITUTION OF
MAGNESIUM-~-LITHIUM-ALUMINUM ALLOYS

Intended
Composition and Heat Phagses Present and
Ghemical Analxsi Treatment Estimation of
Extrusion Time Ten Relative Amounts (%)
Alloy _ Charge ALft Z) Lwt %) (Hr.) (°F) Alpha Beta Mgj,Alj, AlL1
L-139 276 8.5 6.0
- - - - 55 5 - 10
(8.3) (6.4) 24 100 39 zo - 1
72 500 58 35 - 7
L-140 277 - 7.5 ’
- - - - 85 - 15 -
- (8.1) 24 700 83 15 -
72 500 80 - 20 -
L-141 278 1.0 8.0
- - - - 100 - - -
(0.9) (6.3) 24 700 100 - - -
72 500 97 3 -
L-142 279 11.0 .o
- - - - 4o 50 - 10
(10.3) (6.0) 24 700 35 B0 - 5
(10.2) (5.7) 72 500 25 75 - -
L-143 280 E.o 15.0
(4.9) {15.4) 24 700 80 = 15 5
{4.8) (15.4) 972 50 80 - 5 3
L-144 281 3.5 15.0
_ _ - - 80 - 20 -
(2.8) (15.1) 24 700 70 0 -
72 500 &0 - 0 -
L-145 282 5,0 20.0
- - - - 60 -~ 40 -
(4.6) (23.3) 24 700 70 - 30 -
| (4.5) (21.7) 72 30 70 - 30 -
L-1454 283 3.5 20,0
- - 50 - 50 -
24 700 z0 - 50 -
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TABLE xXI (Cont‘'d)

INTENDED COMPOSITION, CHEMICAL ANALYSIS
AND CONSTITUTION OF
MAGNESIUM-LITHIUM-ALUMINUM ALLOYS

Intended
Composition and Heat Phasges Praésent and
chemical Analxsis Treatment Estimation of
Extrusion Time Tem Relative Amounts (%)
Alloy _Charge (wt.%l (wt %) (Hr.) (°F§ Alpha Beta Mgyn,Aly, AlL1
L-14F - 15.0 5,0
L-148 265 15.0 7.0
- - - - - 80 - 20
(14.2) (6.1) 24 700 - 100 - -
72 500 - 95 - 5
L-149 266 15.0 9.0
- - - - - 75 - 25
(13.7) (9.3) 24 700 - 85 - 15
72 500 - 85 - 15
L-150 262 20,0 4,0
- - - 100 - -
24 700 - 100 - -
72 500 - 100 @ - -
L~151 2673 20.0 6.0
- - 24 700 - 100 - -
(18.8) (5.9) 7?2 500 = 95 - 5
L~152 264 20.0 8.0 -
- - - - - 90 - 10
(19.2) (9.2} 24 700 - 100 - -
| (17.5) (7.9) 72 500 = 95 - 5
L-153 287 15.0 15.0
- - - - - 70 - 30
(13.9) (15.8) 24 700 - 70 - 30
(12.9) (16.1) 24 700 2 70 - 28
84k 500 - 75 - 25
L-1 286 15.0 20.0
st > > - - - & - 1o
(12.9) (z1.3) 24 700 5 60 - 35
26 700 1 60 - 39
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TABLE XXI (Cont'd)

INTENDED COMPOSITION, CHEMICAL ANALYSIS
AND CONSTITUTION OF
MAGNESITUM-LITHIUM-ALUMINUM ALLOYS

Intended
Composition and Heoat
Chemical Analysis Treatment®

Extrusion L1 Al Time Temp Relsative Amounts
Alloy _Charge  (wt.%) (wto%) (Hrs) (OF) Alpha Beta Mgy nAl o ALLT
L-155 285 20,0 15.0

- - - - - 90 - 10
(18.9) (16.0) 24 700 - g0 - 10
84 500 - 75 - 25
L1778 - 21,3 41.4
(20.2) (43.1) - - - - - -
1-199 326 10.9 6.95
- - - - - 25 60 - 15
(10.5) (7.6) 72 50O 30 60 - 10
L-200 327 60 2040
- - 85 - 15 -
24 700 75 25 -
72 500 75 - 25 -
1-201 328 7.0 20,0 - - 80 - - 20
24 700 90 - - 10
72 500 80 =~ - 20
L-202 329 640 15,0
- - 60 - - 40
24 700 80 = - 20
72 500 80 - - 20
L-2038 330 5.0 20,0
24 700
72 500
I-2042 331 645 30,0
72 500
L-2058 332 840 3040
24 700
72 500
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TABLE XXI (Cont'd)

INTENDED COMPOSITION, CHEMICAIL ANALYSIS
AND CONSTITUTION OF
MAGNESIUM~LITHIUM-ALUMINUM ALLCYS

Intended
Composi tion and Heat
Chemicel Anslysis Treatment®

Extrusion L1 AL Time Tem Relative Amounts
Alloy Charge  (wt.%) (wt.%l_(Hr.)_(°F€ Alpha Beta MgijpAljg ALL1
L=206 333 9B 30,0
24 700 70 - - 30
72 500 60 - - 40

L=20% 234 11,0 3040
- - 50 - - 50
24 700 80 - - 40
72 500 60 - - 40

L~-208 335 2040 9.5
- - - - - 95 5
(17.5) (9.6) 24 700 - 99 - 1
2 500 - 85 - i5

I=-209 336 20.0 11.5
- - - - - 70 - 30
{(17.9) (11.5) 24 700 - 985 - 5
(17.5) (13.4) 84 500 = 50 - 50

L=210 337 20.0 13.5
24 700 - 80 - 20
84 500 - a0 - 10

I=-211 338 15.0 8.0
- - - - - 90 - 10
(13.8) (B.3) 24 700 - 90 - 10
(14.1) (8s1) 72 500 - 95 - 5

=212 339 7.0 2.0
- - 80 15 - 5
e 500 40 40 L - 20

I-213 340 745 545

- 75 25 - -

72 500 80 20 - -
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TABLE XXI (Cont'd)

INTENDED COMPOSITION, CHEMICAL ANALYSIS
AND CONSTITUTION OF
MAGNESIUM-LITHIUM-ALUMINUM ALLOYS

Intended
Composition and Heat
Chemical Analysis Treatmenta
Extrusion T me Tem Relative Amounts
Alloy _Charge (wt.%) {wto%) (Hr.l,(OFy Alpha Beta Mgy,Alj, ALLI
1=214 346 Ted 6.5
- - - - 40 50 - 10
(6.8) (649) 84 500 45 45 - 10
L=215 347 6.0 Ted - - - - - -
I=216 348 340 6e5
- - - - 85 - 156 -
(2.7) {(7.1) 24 700 95 = 5 -
72 500 60 - 40 -
L=-217 349 30 745
- - - - 60 - 40 -
(2.8) (7.9) 24 700 20 - 10 -
72 500 75 - 25 -
L.218 350 360 8.0
- - 65 - 35 -
24 700 80 - 20 -
84 500 60 - 40 -
L-247 385 5.0 5.0
- - - - 80 20 - -
(5e1) (4,9) 39 700 100 - - -
L-248 386 6.0 4,0
- - - - 80 20 - -
{6.4) (4.2) 39 700 75 25 - -
92 500 80 20 - -
L-249 387 7.0 3.0
- - 60 40 - -
39 700 60 40 - -
L-250 388 5.0 640
- - - - 100 - - -
(5.2) (6.2) 39 700 100 = - -
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TABLE XXI (Cont'd)

INTENDED COMPOSITION, CHEMICAL ANALY3IS
AND CONSTITUTION OF
MAGNESIUM-LITHIUM-ALUMINUM ALLOYS

Intended
Composition and Heat
Chemical Analysia Treatment
Extruslon Li Time Tem Relative Amounts
Alloy _ Charge (wt.Z%) Lwt %) (Hr.) (°F) Aipha Beta ¥gj,Alys AlL1
L=-251 189 6.0 5.0
- - - - 80 20 - -
(6.2) (5.6) 39 700 90 10 - -
L-252 390 7.0 4,O .
- - 70 30 - -
39 700 60 4o - -
L-253 391 Lh,o 2.5
- - 75 - - 25
02 500 85 - - 15
L-254 392 5.0 2.5
- - 100 - - -
92 500 95 - - 5
L-255 396 L,o 2.5
- - 50 5 - -
92 500 50 50 - -
L-256 397 L,0 3.5
- - 8 - 15
92 500 90 - - 10
L-257 398 6.0 1.5
- - 50 go - -
92 500 60 0 - -
L-284 h25 7.0 5.0
- - 50 30 - 10
148 700 50 25 - 15
148 500 80 20 - -
L-289 429 8.0 2.5
10 90 - -

148 700 30 70 - -
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TABLE XXI (Cont'd)

INTENDED COMPOSITION, CHEMICAL ANALYSIS
AND CONSTITUTION OF
MAGNESIUM-LITHIUM~-ALUMINUM ALLOYS

Intended
Composition and Heat
Ghemical Analxais Treatmenta
Extrusion Time Tem Relative Amounts
Alloy _ Charge (wt.%) (wt @Q (Er.) (°F) Alpha Beta MgipAliz ALLL
L-290 430 3.0 2.5
- - 100 - - -
148 700 100 - - -
148 500 100 - - -
L~291 431 9.0 2.5
148 700
L-292 432 10.0 2.5
- - 25 70 - 5
148 700 20 80 - -
L~296 436 11,0 2.5
- - - 10 90 - -
148 700 15 85 - -
L=-297 L37 12.5 6.0
- - - 95 - 5
148 500 - 100 - Z
L=298 438 12.5 8.0
- - - 80 - 20
148 700 - 60 - 40
148 500 - 85 - 15
L-299 439 12.5 7.0
- - - 80 - 20
148 500 - 90 - 10
L=300 Lho 12.5 9.0
- - - 80 - 20
148 3500 - 85 - 15
1~301° 447 17.5 L,o
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TABLE xXI (Cont‘d)

INTENDED COMPOSITION, CHEMICAL ANALYSIS
AND CONSTITUTION OF
MAGNESIUM-LITHIUM-ALUMINUM ALLOYS

Intended
Composition and Heat
Chemical Analqai Treatment®
Extrusion Li Time Tem Relative Amounts
Alloy __ Charge (wt.%) (wt %) (Hr.) (°F) Alpha Beta Mg1oAlyp ALLL
L-302 422 17.5 5.0
- - - 95 - 5
148 700 - 90 - 10
148 500 - 100 - -
1303 L3 17.5 6.0
- - - g0 - 10
148 700 - 80 - 20
148 500 - 100 - -
L~304 Ll 17.5 7.0
- - - 90 - 10
148 700 - 75 - 25
148 500 -~ 100 - -
L-205 Lhs 17.5 8.0
- - - 75 - 25
148 700 - 65 - 35
148 500 - 100 - -
L=206 446 8.5 15.0
- - ~ 50 - 50
148 700 ~ 50 - 0
148 500 - 60 - 0

2. BSpecimens for which no heat treatment was specified were
exanined in the as extruded condition

b. Prepared for segregation study

¢. Ingot scraped

d. Intended to be Mgl?Allz

e. Intended to be AlL1

f. Intended %o be AlLl,

g. Intended to be MgLizAl

h. Believed to contain Mg%7A11 end AlLL but the relative amount

of each phase could no observed
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APPENDIX I

TABLE XX1I

INTENDED COMPOSITION, CHEMICAL ANALYSIS
AND CONSTITUTION OF
MAGNESIUM-LITHIUM-ZINC ALLOYS

Intended
Composition and Heat a Phases Present and
(Chemical Analxaig) Ireatment Egtimation of
Extrusion L1 Time Tenm —Relative Amounts (%)
Alloy _Charge (wt.%) (w ,52 (Hr.) (°F? Alpha Beta MgLiZn Other
I~19 153 2.0 -
(4.87) - - 100 - - -
72 500 100 - - -
72 700 100 - - -
L-20 151 8.0 - - —~
(7.77) - - 50 50 - -
72 500 50 50 - -
72 700 350 50 - -
L-21 157 12.0 -
(11.85) - - - 100 - -
24 700 - 100 - -
L~33 174 8.9 2.0 - - Lo 60 - -

72 500 40 60 - -
24 700 40 60 - -

L~34 173 8.7 4.0 - - 30 70 -
72 500 30 70 -
24 700 30 70 - -

L-35 172 8.5 6.0 - - bs 55

237 (8.0) (5.8) 72 500 [ 60 5 -
237 29 700 ) 60 - -

L~36 171 8.4 8.0
171 (8.2) (7.96) = - 30 65 5 -
166 (8.3) (7.8) 72 500 35 50 13 -
166 29 700 30 70 - -

L~37 170 10.9

(10 7;) (2 o?) - - - 100 - -
(10.2 (1.6 72 500 - 100 - -
72 500 - 100 - -
(10.2) 24 700 - 100 - -

WADC TR 52-169 96



PABLE XXII {(Cont'd)

INTENDED COMPOSITION, CHEMICAL ANALYSIS
AND CONSTITUTION OF
MAGNESIUM-LITHIUM-ZING ALLOYS

Intended
Composition and Heat Phages Present and
(Ghemical Analeisl,Treatment Egtimation of
Extrusion Time Tem Relative Amounts (%)
Alloy _Charge Lwt 5) (wt %1, (Fr,) (°F Kipha Beta MgLiZn Other
(10.65) - - - 100 - -
(10.1 (3.5) 72 500 - 100 - -
72 500 - 100 - -
(9.9) 2b 700 - 100 - -
L-39 168 10 b 6.0
10 7%) - - - 100 - -
(10,0 (5.7} 72 500 - 100 - -
(9.9) 72 500 - 100 - -
2y 700 - 100 - -
L=b0 167 10.2 8.0 - - - 90 10 -
(9.5) (7.6) 72 500 - 9% 5 -
72 500 - 90 10 -
{(8.7) 2 700 - 100 - -
L2 179 6.1 2,0
(5.32) {(2.04) = - 80 20 - -
(5.9} (1.8) 72 500 85 15 - -
72 500 70 30 - -
24 700 80 20 - -
72 700 80 20 - -
L-i43 175 15.0
(15.15) - - - - 100 - -
96 700 - 100 - -
L-45 180 6.0 L.o - - 85 15 - -
(5.5) {3.8) 72 500 75 20 5 -
(5.5) (3.6} 24 700 85 15 - -
L-lb 181 5.9 6.0 - - 75 25 - -
(5.7) (5.8) 72 500 80 15 5 -
2 700 75 25 - -
L-i8 182 5.8 2.0 - - 100 - - -
(4.8) (1.8) 72 500 100 - - -
(4.7) (1.6) 20 700 100 - - -

WADC TR 52-169 97



TABLE XXII (Qont'd)

INTENDED COMPOSITION, CHEMICAL ANALYSIS
AND CONSTITUTION GF
MAGNESIUM-LITHIUM-ZINC ALLOYS

Intended
Composition and Heat Phases Present and
{Chemical Analysig) Treatment® Estimation of
Extrualon Li 2h Time Tem Relatlve Amounte QZ)
Alloy Charge (wt.%) (wt.%) (Hr) (°F) Alpna Beta MgLlZn Other
L=49 183 5.6 L,o - - 80 20 - -
(5.6) (3.7} 72 500 75 20 5 -
72 500 75 20 5 -
24 700 80 20 - -
72 700 80 20 - -
L-50 184 3.5 6.0 - - 85 13 - -
(5.0) (5.7) 72 500 70 10 20 -
72 500 60 10 30 -
(5.0) (5.6) 24 700 85 135 - -
”2 700 85 1% - -
L-78 211 - 2.0 — - 100 - - -
29 700 100 - -
L-"79 212 - 4,0 - - 100 - - -
(0.0) (3.9) 72 500 100 - - -
29 700 100 = - -
L~80 213 - 6.0 = - 90 - - 102
72 500 85 - - 15
29 700 100 =~ - -
1.-81 214 1.0 2.0 - - 100 =~ - -
29 700 100 - - -
(1.0) (3.8) 72 500 100 - - -
29 700 100 - - -
L83 216 0.9 6.0 - - 100 - - -
72 500 100 - - -
29 700 100 - - -
1L-84 218 3.2 2.0 - - 100 - - -
' 72 500 100 - - -
24 700 100 -~ - -
72 700 100 - - -
L-85 219 3.1 4,0 - - 100 -
(2.8) (4.0) 72 500 100
72 500 90

Fret 1
=
L=

24 700 100
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TABLE XXII (Cont'd)

INTENDED COMPOSITION, CHEMICAL ANALYSIS
AND CONSTITUTION OF
MAGNESIUM-LITHIUM-ZINC ALLOYS

Intended
Compoeltion and Heat a Phases Present and
Chemical Analysis) Treatment Eetimation of

~ Extrusion L1 ) Time Tem Relative Amounts (%)
Alloy _Charge {(wt.%) {(wt.Z) (Hn) (°F) Alpha Beta MgLiZn Other
L7 220 14,0 2.2 - - - 100 - -
29 700 - 100 - -
L-88 221 12.9 10.0 - - - 100 - -
(11.7) (10.3) 72 500 < 85 15 -
24 700 - 100 - -
L-89 222 12.2 15.0 - - - 100 - -
(11.0) (15,0) 72 500 80 20 -
2 700 - 100 - -
L-90 223 11.4 20,0 - - - 95 5 -
: 72 500 -~ 65 35 -
26 700 - 90 10 -c
(9.9) (20.2) 28 700 - 90 10 -
L-91 260 11.0 - ~ - 20 80 - -
(10.5) 24 700 10 90 - -
L-92 261 10.0 - - - - 100 - -
(14.9) 24 700 - 100 - -
L-96 238 12.3 2,0 -
(1.8) - - - 100 - -
(10.8) (2.0) 72 500 - 100 - -
{10.5) 24 700 - 100 - -
L-97 239 12.0 L.,o - - - 100 - -
(10.4) (4.0) 72 50 - 100 - -
(10.9) 24 700 - 100 - -
L-98 240 11.7 6.0
(12.9) - - - 90 10 -
(11.9) (12.7) 72 500 - 70 30 -
24 700 - 100 - -
1-99 24 11.5 8.0 - - - 90 10 -
(10.0) (?.Z) 72 500 - 85 13 -
{9.6) (7.4) 24 700 =~ 100 - -
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TABLE XXII (Cont'd)

INTENDED COMPOSITION, CHEMICAL ANALYSIS
AND CONSTITUTION OF
MAGNESIUM-LITHIUM-ZINC ALLOYS

Intended
Composition and Heat Phases Present and
(Chemical Analysis) Treatment® Estimation of
Extrusion Li 2n _ Time Tem Relative Amounts (%)
Alloy _Charge (wt.%) (wt.%) (Hn) °F) Alpha Beta MgLiZn Other
L=-100 242 11.2 10.0
(9.8) (10.2) -~ - - 80 20 -
(9.9) (9.8; 72 500 - 70 30 -
(9.8) (9.0) 24 700 - 100 - -
L-102 243 10.0 20.0 - - 50 20 30 -
72 500 0 35 ~
(6.0) (20.4) 24 700 2 25 10 -
L=-109 244 7.8 15.0
(16.1) - - - 15 5 80¢
(15.6) (17.9) ;g ggg - 55 %g ggg
(15.8) (18.2) 24 700 - 35 - 65C
24 700 - 60 - 4gc
L-111 2ks 5,8 8.0
55.8; (4.1) - -~ By 10 5 -
5.4 (2.2; 72 500 80 - 20 -
(3.2) (3, 24 700 90 10 - -
L-112 250 2.6 10.0 -~ - 80 - 20 -
(4,8) (9.2) 72 500 65 - 35 -
(4.8) (9.2) 24 700 85 15 - -
L=113 267 .3 15.0
(3.8) (13.2) 72 500 55 ~ Ls -
(4.6) (14.7) 24 700 35 130 15 -
L-114 251 5.0 20.0 = - 50 - 0 -
72 500 - -
(3.9) (20.5) 24 700 38 - 33 -
L-116 246 2.9 10.0 - - 50 - 50 -
72 500 70 - 0 -
(2.3) (10.0) 24 700 85 2 152
L-117 247 2.7 15.0 - - go - 40 -
7 00 - -
(2.2) (15.0) 24 300 88 - gg -
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TABLE XXII (Cont'd)

INTENDED COMPOSITION, CHEMICAL ANALYSIS
AND CONSTITUTION OF
MAGNESIUM-LITHIUM-ZINC ALLOYS

Intended
Composltion and Heoat Phases Present and
(Chemical Analysis) Treatment® Estimation of
Extrusion L 2R Time  Temp Relative Amounts (%)
Alloy _Charge (wte%) (wte%) (Hr) (OF) Alpha Beta MgLizZn Other
1-118 248 2.6 20,0 - - 50 = 5O -
72 500 60 = 40 -
(2.1) (21.9) 24 700 60 - 40 -
L-119 249 3.0 8.0 ~ - 70 - 30 -
72 500 70 = 30 -
(245) (8.5) 24 700 100 = - -
1-158 293 9.8 12,0 =
(11.7) = - 10 85 5 -
(8.7) (11.8) 72 500 15 65 20 -
(Bed) 24 700 10 90 - -
1-1590 294 Q45 15.0 = - - 90 10 -
72 BOO - 80 20 -
(9.6) (11.2) 24 700 - 100 - -
L-160 288 849 20,0 = - - 80 20 -0
(8e4) (20.6) 172 500 100 75 15 -
(7.0) (20.0) 24 700 5 85 10 -
L-161 289 842 10.0 - - 40 60 - -
72 500 40 40 20 @ -
(7.4) (10.5) 24 700 40 80 - -
L-162 290 840 12,0 = - 45 45 10 -
6 500 40 40 20 -
12 500 40 40 20 -
40 500 40 40 20 -
48 500 40 40 20 -
72 500 40 40 20 -
72 500 40 40 20 -
('70) (12.1) 24 700 35 60 5 -
1-163 291 7e3 20,0 = - 35 35 30 -
72 500 35 35 30 -
24 700 35 45 20 -
L-164 292 3.0 8.0 - - 90 - 10 -
72 500 80 - 20 -
24 700 S0 10 -
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TABLE XXII (Cont'd)

INTENDED COMPOSITION, CHEMICAL ANALYSIS
AND CONSTITUTION OF
MAGNESIUM-LITHIUM-ZING ALLOYS

Intended
Composition and Heat Phasges Present and
Ghemical Analxsis) Treatment® Egtimetion of
Extrusion Time Tem Relative Amounts (%)
Alloy _Charge (wt %) (wt %) (Hr) L?F? Alpha Beta MgLiZn Other
L-166 296 1.3 20.0
(0.22) (20.0) 72 500 60 - 7 40®
(0.435) (20,1) 24 200 65 - 5 304
L~167 297 2.4 20.0
{3.4) (18.1) 72 500 65 -~ 35 -
(3.4) (18.2) 24 700 75 - 25 -
1L-168 298 6.8 20.0
(5.1) (9.6) 24 700 60 20 20 -
L-169 299 9.1 20.0
72 500 75 - 25 -
(3.7) (9.7) 24 700 85 - 15 -
L-170 300 3.7 21,5 24 700 60 - 40 -
L-171 301 17.0 20.0
(15.2) (20.3) 24 700 - 100 - -°
L-172 302 10,2 20.0
(9.3) (20. 6) 24 700 - 90 10 -
L-174 304 9.7 6.0
¢ (8.6) (6.0) 72 500 4o 60 - -
(8.6) (5.9) 24 700 30 70 - -
L-175 305 9.7 9.0
(8.2) (8.9) 24 700 20 80 - -
L-176 306 9.7 11.0
(9.8) (9.8) 72 500 - 90 10 -
(9.8) (9.6) 24 200 - 100 - -
L-179 307 1.3 15.0
(1.05) (14.6) 24 900 75 - 20 &4
L-180 308 0.8 15.0
(0.95) (6.4) 24 700 100 - ~ -
L-181 309 15,0 4,6 24 700 - 100 - -
L-182 310 10.2 15.0
(10.3) (13.7) 24 700 - 100 - -

WADC TB 52-169
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TABLE XXII (Cont'd)

INTENDED COMPOSITION, CHEMICAL ANALYSIS
AND CONSTITUTION OF
MAGNESIUM-LITHIUM-ZINC ALILOYS

Intended
Composition and Hest Pheses Present and
(Chemical Analysis) Treatment® Estimation of
Extrusion  Li Zn  Time  Temp Relative Amounts (%)
Alloy Charge (wt.%) (wte%) (Hr) (°F) Alpha Beta NgLiZn Othel
L-183 311 1l.4 15,0
(12.5) (14.,7) 24 700 - 100 - -C
L-184 312 1040 548
(947) (5.8) 72 50 b5 95 - -
(9.6) (5.8) 24 700 - 100 - -
1~185 313 548 11,0
: (5e4} (11.1) 72 500 45 30 25 =
{543) (11.1) 24 700 70 25 5 -
1-186 314 9.1 11.0
(942) (10.,9) 72 500 20 65 15 -
(847) (11.1) 24 700 = 100 - -
L.187 315 9.1 12,0
(845) (11.8) 72 500 20 60 20 =
(8.5) (11.3) 24 700 - 100 - -
I-188 3186 10.2 1340
(9.5) (12.,9) 72 500 - 75 25 -
{9.6) (12.9) 24 700 - 100 - -
1.189 317 11.4 13.0
(11.0) (13.3) 24 700 - 100 - -C
I-190 318 13.6 17.0
' (12.8) (16.8) 24 700 - 100 - -¢
I-181 319 13.6 19,0 .
{13.3) (19,0) 24 700 - 95 5 =
1-192 320 17.0 2240
(1646) 22.,2) 24 700 - 95 5 =
I-194 321 1.3 7¢0
(1430) (6e44) 24 700 100 - - -
I-195 322 1.3 7.0
(1.26) (6.6) 24 700 100 - - -
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TABLE XXII (Cont'd)

INTENDED COMPOSITION, CHEMICAL ANALYSIS
AND CONSTITUTION OF
MAGNESTUM-LITHIUM-ZINC ALLOYS

Intended
Composition and Heat Phases Present and
(Chemical Analysls) Treatment® Estimetion of
Extrusion” LI Zn  Time  Tem Relative Amounts (%)
Alloy Charge (wt.%) (wte%) (Hr) (°F) Alpha Beta NglLiZn Other
I-196 323 1.3 8.0
(lel86) (7.7) 72 500 85 -~ 15 -
(l.186) (7.7) 24 700 100 - - -
L-197 324 2.5 Be0
(241) (9.1) 72 50 80 = 20 -
(2.1) (9.1) 24 700 80 - 20 -
L-198 325 2e5 9.0
(2.8) (8.4) 24 700 80 20 -
L-219 351 9.5 2.0 - - 35 65 - -
72 500 40 60 - -
24 70 25 75 - -
L=220 352 9.0 4,0 - - 30 70 - -
72 50 30 70 - -
24 700 20 80 - -
1-221 353 445 4,0 - - 98 - 5 -
e 500 85 = 15 -
24 700 100 - - -
L.222 354 4,0 6.0 - - - - - -
72 500 80 - 20 -
24 700 100 - - -
L-223 355 845 13.5 - - - - - -
{845) (13.2) 72 500 - - - -
24 700 = 80 20 -
I-224 356 945 16 - - - - - -
72 500 - - - -
(941) (15.,9) 24 700 - 95 5- -
L-226 357 4,0 845 - - - - -
24 700 90 - 10 -
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TABLE XXII (Cont'd)

INTENDED COMPOSITION, CHEMICAL ANALYSIS
AND CONSTITUTION OF
MAGNESIUM-LITHIUM-ZINC ALLOYS

Intended
Composition and Heat Phases Present and
(Chemical Anslysis) Treatment® BEstimation of
Extrusion Li Zn Time ‘I‘gm Relative Amounts (%)
Alloy Charge (wt.%) (wte%) (Hr) S) Alpha Beta Nglilzn Other
L-226 358 4.0 9.6 =~ . = - - - -
72 500 - - - -
24 700 80 20 - -
L2227 359 5.0 10,5 - - -~ - - -
24 700 70 20 10 -
L=228 360 1.0 9.0 - - - - - -
72 500 175 - 25f -
{0.5) (8.8) 24 700 90 - 10 -
L-229 341 12,0 7e¢5 - - - 100 - -
72 500 - 100 - -
I-230 342 15,0 7.5 - - - 100 - -
e 500 - 100 - -C
I~231 343 15,0 Q40 - - - 100 - -
72 500 - 100 - -
L.232 344 15,0 11.0 - - - 100 - -C
72 500 - 100 - -3
L.233 345 15.0 12,5 - - - 95 5 =G
72 500 - 100 - =C
1234 361 245 360 - - - ~ - -
(2.0) (2.8) 7R 500 95 - 5 -
L-238 363 Q.25 15.0 - - - - - -
72 500 65 - 355
L-237 a8 4,0 15.5
24 700 80 10 i0 -
L-238 380 4.2 1645
{446) (17.2) 24 700 83 5 12 -
1-239 381 4,7 8.0
(4.1) (7.7) 24 700 95 - 5 -
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TABLE XXII {Cont'd)

INTENDED COMPOSITION, CHEMICAL ANALYSIS
AND CONSTITUTION OF
MAGNESIUM-LITHIUM-ZING ALLOYS

Intended
Compoeltion and Heat Phages Present and
{Chemical Aﬁalysis) Treatment® Estimation of
Extrusion L1 Time Tenm Relative Amounts (%)
"Alloy GCharge (wt.%) (wt;%) (Hy) (“E? Alpha Beta MgLiZn Other
L2240 382 10.0 15.5
24 700 - 100 - -
L-241 1383 10.0 16.5 - -
24 700 - 100 - -
L-242 379 2.0 8.
(1.8) (8.2) 24 700 95 - 5 -~
L-243 393 k.5 5.0
(4.5) (4.9) 24 700 95 5 - -~
L2444 384 0.5 8.0
(0.6) (8.1) 24 700 97 - 3 -
L-246 395 1.0 17.5
24 700 90 - 10 -
L2588 399 20.0 17.5
72 500 - 100 - -
L=259 Loo 20.0 18.5
72 500 - 100 - -
L-260 401 20.0 20.0
72 500 - 100 - -
L=-261 Lo2 15.0 12.5
72 500 100 - ~C
L-262 403 15.0 13.5
72 500 - 100 - ~C
L-263 Lok 15.0 14.5
72 500 - 100 - -
L-264 Los 12.5 9.0
w2 500 - 100 - -
L-265  Lo6 12.5 10,0
72 500 - 100 - ~0
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TABLE XXII (Cont'd)
INTENDED COMPOSITION, CHEMICAL ANALYSIS

AND CONSTITUTION OF
MAGNESIUM~LITHIUM-ZING ALLOYS

Intended

Compogition and Heat Phases Present and
(Chemical Anaelysis) Treatment® Estimation of
Estrusion L1 Time Tem Relative Amounte (%)
Alloy _Charge (wt.%) (wt.%) (Hr) (°F) Alpha Bete MgLiZn Other
L-266  Lo7 12,5 11.5
72 500 - 100 - -0
L-267 408 1.0 10,0 .
72 500 80 - ? 20
24 700 95 - 5 -
1L-268 409 0.5 10.0
72 500 85 - ? 158
(0.6) (9.8) 24 700 97 - 3 -
L-269 410 0.2 10.0 o
72 500 60 - ? 4o
(0.3) (10.2) 24 200 93 - 2 sd
1270 411 2.5 20.0
72 500 55 - ? 45®
24 700 75 - 25 -
L-271 412 2.0 20.0
72 500 50 - 7 50°
24 700 82 - 18 -
L-272 413 1.5 20,0 ,
72 500 60 - ? 40€
24 700 85 - 15 -
L-273 414 0.5 20.0
72 500 55 - ? Lg®
24 700 85 - 15 -
L-274 413 0.2 20.0 e
72 500 55 - 2 453
(0.3) (19.6) 24 700 86 - 7 7
L-275 416 3.0 30.0 o
72 500 50 - ? 50
2l 700 65 - 35 -
L-276 417 2, 30,0
? 7 72 500 60 - ? Lot
24 700 70 - 30 -
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TABLE XXII {(Cont'd)

INTENDED COMPOSITION, CHEMICAL ANALYSIS
AND CONSTITUTION OF
MAGNESIUM-LITHIUM-ZINC ALLOYS

Intended
Composition and Heat Phases Present and
{Chemical Analxsis) Tregtment® Estimation of
Extrusion L1 Time Tem Tem Relative Amounts (%)
Alloy _Charge {(wt.%) Lwt %) (Hr) ? Alpha Beta MpLiZn Other
L-277 418 1.5 30.0
72 500 o - ? 60®
24 700 70 = 30 -
1-278 419 0.5 30.0 . 4o
72 500 55 - 5
(0.7) (29.6) 24 %00 80 - 15 54
L=279 420 0.2 30.0
72 500 60 = ? Lot
(0.36) (29.4) 24 200 70 - 5 254
1.-280 421 20,0 21,0
2 500 - 100 - -
L-281 422  20.0 22,0
72 500 - 100 - -
L-282 423  20.0 23.0
72 500 - 100 - -
L-283 b2  20.0 24,0
72 500 - 100 - -
L-285 426 15,0 15,0
2 500 - 100 - -
L-286 427 15,0 16.0
72 500 - 100 - -°
L-287 428 15.0 17.0
72 500 - 100 - -C
L-293 b33 12.5 12.5
72 500 - 95 5 -°
L-294 L3y 12,5 13.5
72 500 - 95 5 -°
L-295 435 12,5 15.0
72 500 - 95 5 -8

See next page for footnota.
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a. Specimense for which no heat treatment 1s epecified
were examined in the as extruded condition.

b. Secondary phase not identifled.
¢. Precipltated MgLl,Zn pregent 1n specimen

4. Specimen contained grain boundary and eutectic
melting.

e. Specimen contained MgLiZn with or without a third
unidentified secondary phase.

f. Identified by X-ray diffraction method.
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APPENDIX II
TABLE XXTII

INTERPLANAR SPACING (d) AND RELATIVE LINE INTENSITY (I/Is)
FOR PHASES IN MAGNESIUM-LITHIUM-ALUMINUM ALLOYS

Mz174192 Al MglinAl
Hanawalt Card Data from Data from
No, 2887 Dow Chemilcal Co, Dow Chemieal Co.
a I/1s a 1/1s a I/1s
2,64 0.07 3.67 75 3.85 21
2.48 1.00 2.25 100 2.36 100
2.24 0.33 1.913 25 2.03 3
2.15 0.12 1.590 10 1.675 10
2.06 0.20 1.455 8 1.535 2
1.92 0.01 1.298 25 1.362 17
1.81 0.01 1.218 15 1.285 2
1.75 0.01 1.182 3
1.71 0.01 1.133 2
1.40 0.02 1.058 2
1.22 0.05
1.490 0.10
1434 0.33
1.412 0.04
1.386 0.05
1.342 0.06
1.245 0.10
1.196 0.01
1.165 0.63
1.140 0.03
1.115 0.04
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INTERPLANAR SPACING (d4) AND RELATIVE LINE INTENSITY (I/Is)
FOR PHASES IN MAGNESIUM-LITHIUM-ZINC ALLOYS

TABLE XXIV

MgZn _ . MgZno MgliZn MgLisZn
Hanawalt Card/ Hanawalt Card’ Data from Data from
No. 3156 . 3185 Dow Chemical Co. Dow Chemigal Co.
_a 1/Is a I/Is 4 I/1s - 1/1s
13.0 0.15 5.2 0-05 4.30 8 3.85 75
10.1 0.15 4,56 0.62 2.63 5 3.35 L
7.0 0.20 L.31 0.35 2.23 100 2.36 100
6.0 0420 4,02 0.50 2.14 50 2.02 20
4.30 0.30 3.40 0.05 1.86 10 1.67 10
3.2 0.15 3.12 0-07 1.70 8 1.535 é
3.77 0.30 2.85 0.07 1.5153 6 1.355 1
3.09 0.10 2.63 0.10 1.430 25 1.285 5
2.79 0.10 2.43 0.62 1.313 15 1.183 é
2.65 0.10 2.35 0.05 1.254 L 1.132 2
2.8 0.15 2.2k5 0.75 1.175 2 1,057 4
2,50 0.20 2.20 1.00 1.132 3
2.42 0.20 2.14 0.30 1.119 8
2.255 0.50 2.065 0.05 1,070 2
2.29 0.40 2.005 0.05 1.038 1
2.225 1.00 1.945 0.87 0.992 1
2.15 ¢.10 1.881 0.05 0.966 8
2.105 0.10 1.830 0.07 0.928 1
2.06 0.15 1.780 0.35 0.874 1
1.931 0,10 1.715 0.15 0.857 3
1.882 0.10 1.671 0.10 0.852 3
1.836 0.10 1.605 0.05 0.828 1
1.778 0.15 1.557 0.05 0.813 1
1.715 0.10 1.507 0.05
1.649 0.10 1.470 o0.15
1.588 0.10 1.430 0.25
1.544  0.10 1.399 0.05
1.487 0.15 1.372 0.40
1.460 0.10 1.340 0.20
1.432 0.30 1.310 0.40
1.282 0.05
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APPERDIX III

TABLE XXV

AVERAGE MECHANICAL PROPERTIES OF MAGNESIUM-CERIUM ALLOYS

R680
R690

WADG TR 52-169

Intended
Conmp. Nominal Heated Static
(SpeetroS 301113% One . E%ong. Rupture
Analysis Temp., Hour ips per sg.in.?% in Energy
__XCe Hot Warm at Cfg TYS UTS _2 in. in-~lbs.
1.0 700 - 600°F 17.4 24.3 32.4 8.8 -
1.0 900 - 600 9.5 15,6 24.1 11.2 -
0.8 800 - 550 17.2 22.5 28.4 10.0 13.4
750 10.0 15.0 27.9 17.7 15.6
1.0 800 - 600 12,7 18.9 28.2 11.4 -
700 10.3 16.1 30.0 16.3 13.5
750 9.2 13.7 26.0 17.0 -
15% Cold Rolling 15.5 22.6 28.2 4.3 6.8
0.5 800 600 16.5 21.5 27.1 13.3 -
0.5 800 750 8.8 12.7 23.8 17.8 -
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TABLE XXVI

AVERAGE MECHANICAL PROPERTIES OF
MAGNESIUM-ALUMINUM-CERIUM ALLOYS

Intended
Comp. Nominal
(Spectro. Rolling

Analysis) Temp. °F
Alloy ZE1 Zce Hot Warn

R630 0.8
(0.7)
R631 0.8
(0.71)
R636 0.2
{0.17)
R637 0.2
R645 0.5

WADG TR 52-169

0.2 700 v
15% Cold Rolling
0.2 700 Loo
15% Cold Rolling
0.8 700 -
15% Cold Rolling

0.8 700 400
15% Cold Rolling

0.5 700 -
15% Cold Rolling

Heated
One
Hour
atb

540°F
900
700

Loo
700
Loo

720
900
700
koo
540

900
700

il13

Kips per sg. in.
C¥s 1TI¥ys Urs
12.2 22.4 32.5
9.4 20.0 31.5
17.1 - 23.7
12.8 21.4 32.4
8.3 18.4 31,1
180 hend 26.6
17.3 22,0 31.8
9.1 18,0 31.6
21.9 25.2 30.4
2.2 22.6 27.4
12,7 19.3 30.6
6.9 9- 3 -4
20.3 - 19.1

Statle

Elong. Rupture
% in Energy

2in. in.-lbe,
700 -
‘4.2 -
0.0 -
5.2 8.0
8.2 8.1
0.0 -
6.2 -
10.0 -
1.5 -
0.8. 10,2
6.5 -
lh5 -
0.0 -



TABLE XXVII
AVERAGE MECHANICAL PROPERTIES OF
MAGNESIUM-ZINC~-CERIUM ALLOYS

Intended
Comp. Nominal Heated Static
(Spectro. Rolling One Elong. Rupture

Analysls) _Temp. °F Hour Kips per sq. in. % in Energy
Alloy %Zn %Ce Hot Warm at cYe TYS UTS 2 in, in.-lbs,

R613 0.8 0.2 700 400  600°F 16.4 25.4 35.0 22.8 19.2
(0.73X0.1) 750 11.4 21.4 33.2 18.8 18.9
15% Cold Rolling 400 34.3 38.4 43.7 1.5 -
R614 0.8 0.2 700 - 600 16.2 24,7 33.1 12.5 22.6
750 12.1 16.2 29.9 14.5 22.0
R623 0.2 0.8 700 - 600 21.8 30.0 35.5 12.2 -
RG69 0.8 0.2 700 4oo 600 14.6 24.3 34.3 20.6 18.9
(0.76)0.24) 750 13.2 22.9 33.9 19.7 18.0
R670 0.2 0.8 700 - 600 20.3 29.9 35.0 9.5 -
(0.27%0.99) 15% 250 22.1 30.2 35.2 1.5 6.2
Cold Rolling
R671 0.2 0.8 700 - 600 23.4 29.6 34.7 8.0 -
(0.32%0,86) 15% 250 21.1 30.2 34,3 1.0 -
Cold Rolling
R?30 0.6 0.2 700 500 7.9 20.1 32.3 7.0 -
(0.62X0.09) 750 8.9 14.8 29.1 9.0 -
700 Loo L4oo 9.4 22,1 32.3 1i.0 -
R738 0.2 750 k0o 17.7 24.7 31.9 8.5 -
(o su)b 16) 750 9.4 15,1 29.1 8.0 -
15% Cold Rolling 750 8.5 13.4 26.2 5.7 -
750 Loo — 400 25.8 32.9 39.7 7.7 -
750 10.3 16.7 29.1 5.7 -
R739 0.8 0.2 700 400 26.5 31.3 37.0 12.0 -
(0.90%0.24) 750 12.5 18.5 29.7 9.7 -
15% 750 10.9 14.8 27.7 7.7 -
Cold Rolling
700 400 400 18.0 26.5 35.7 21.0 -
750 13.1 19 5 31.3 9 3 -
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TABLE XXVII Cont'd

AVERAGE MECHANICAL PROPERTIES OF

MAGNESIUM-ZINC-CERIUM ALLOYS

Intended .

Comp. Nominal
(Spectro. Rolling
Analysis) _Temp. °F

Alloy _%Zn %#Ce Hot Warm
R742 0.8 0.3 700
(0.76)0.31)
700 Loo
R743 0.6 0.5 700
(0.62X%0.35)
700 400
R744 0.7 0.5 700
(0.68)0.50)
700 Loo
R?7435
(o 7410 37)
700 4oo
R747 0.7 0.2 700
(0.54X0.23)
700 400

WADC TR 52-169

Heated

One

Hour Kips per s8g. in.
at C¥s Tis UTS
600 18.3 28.3 37.1
650 15.6 21.0 33.%
750 13.3 17.4 30.7
550 18.0 27.9 36.1
600 14.9 25.2 34.7
750 11.5 20.6 32.6
600 21.9 30.6 36.8
700 15.1 23.1 34.2
800 12.2 19.0 31.9
550 24,2 28.4 34.0
650 17.1 24.8 33.8
800 11.8 17.2 29.9
600 20.8 32.3 38.0
700 16.0 23.5 34.1
800 12.3 20.5 31.8
600 20.4 28.9 34.8
700 15.2 22.6 33.7
800 12.9 18.3 29.7
550 23.6 32.1 38.%
600 19.1 30.5 38.4
800 12.9 19.6 31.3
550 21.9 28.5 35.56
600 18.9 26.9 35.2
800 12.5 16.2 30.0
600 13.8 21.4 30.4
750 9.1 13,6 28.5
800 8.2 l .lF 28.8
500 23.4 30.1 38.1
600 16.9 26.1 35.2
800 10.1 15.9 29.4
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Alloy
R754

R755

R756

R757

R759

R760

TABLE XXVII Cont'd

AVERAGE MECHANICAL PROPERTIES OF

MAGNESIUM~-ZINC-CERIUM ALLOYS

Intended
Comp. Nominal Heated

(Spectro. Rolling One Elong.
Analysig) Temp. °F Hour Kips per s8g. in. % in.
ZZn  #Ce Hot Warm at CYSs TY8 UTS 2 in,

0.6 0.3 700 600 19.6 30.3 36.0 5.0

(0.51)(0.37) 650 15.6 23.6 33.8 10.0

750 13.0 19.6 31.6 15,0

700 400 550 25.2 29.0 35.6 6.0

600 19.4 27.9 33.1 13.0

750 13.2 20.1 31.5 13.0

0.7 0.3 700 600 21.8 30.8 37.6 10.0_

(0.57)(0.28) 650 16.3 23.9 34.7 13.0

750 13.1 22.6 33.2 13.0

700 400 550 21.3 28.5 36.7 11.0

600 16.9 26.0 35.4 14,0

750 13.0 19.3 31.8 13.0

0.8 0.2 700 700 8.3 14.9 28.6 10.0

(0.68)(0.22) 750 7.7 13.1 27.4 12.0

800 7.7 13.2 28.6 13.0

700 400 450 24,1 31.3 39.1 16.0

600 13.3 25.8 34.8 16.0

800 7.9 20,0 31.6 14.0

0.8 0.1 700 Loo 10.9 23.0 32.6 11.0

(0.78)(0.21) 650 7.6 21,1 32.2 8.0

700 400 400 15,0 24.8 34,9 14,0

600 9.6 21.3 32.5 13.0

0.8 0.2 650 550 16.4 24.7 34,5 20.0

(0.78)(0.24) 600 12.0 24.6 35.1 14.0

800 9.2 16.7 30.2 15,0

650 400 500 19.7 26.9 37.0 17.0

600 13.5 25.1 34.6 18.0

800 9.6 17.7 31.3 12.0

0.7 0.1 700 Loo 9.6 20.3 31.8 8.0

(0.53){0.18) 650 6.8 19.1 31.2 9.0

700 400 400 9.7 23.2 33.6 15.0
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Alloy
R761

R778

R?781

R788

R789

R791

R793

TAELE XXVII Cont'd

AVERAGE MECHANICAL PROPERTIES OF

MAGNESIUM-ZINC-CERIUM ALLOYS

Intended
Comp. Nominal Heated
(Spgctroj TBolligg one
Analvsls emp. °F H

ZZn %Ce o? arm g%r
0.6 0.2 700 600
(0.46)(0.23) 750
800

700 400 500

650

800

1.5 0.3 700 400 k50
{(1.6) (0.13) 575
1.0 0.3 700 500
(1.0) (0.29) 600
700 400 500

600

0.8 0.3 700 k50
(0.91)(0.4) 475
700 400 400

L 50

0.8 0.3 700 25
(1.0) (0.27) 350
700 400 400

550

0.8 0.3 700 600
(0.2) (0.15) 675
700

700 400 450

550

200

0.8 0.3 700 Ls0o
(0.8) (0.15) 535
700 400 300

575
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TABLE XXVII Cont'a
AVERAGE MECHANICAL PROPERTIES OF
MAGNESIUM-ZINC-CERIUM ALLOYS

Intended
Comp. Nominal Heated Static
{Spectro. Rolling One Elong. Rupture
Ana;ysisg Temp. °F  Hour Ki__ﬁ_%ﬂ-_l& % in Energy
Alloy 2Zn c Hot Warm at CYS TYE UTS ~2.4in, in-1bs.
R794 1.3 0.6 700 575 18.2 24.3 35.7 15.8 -
(1.4) (0.23) 700 13.2 18.0 32.0 17.0 -
700 400 350 30.1 3%.9 42,8 11.3 -
R?796 2.0 0.8 700 475 19.6 26.5 36.2 10.5 -
(2.3) (0.37) 550 4.6 21.7 En.l 14,5 -
25 22.3 2903 39-3 10.8 -
R798 3.0 0.3 700 500 10.7 22.3 34.9 12.3 -
(3.3) (0.18) 550 8.8 24.3 33.9 13.0 -
700 400 50 17.1 27.2 37.9 18.2 -
R807 1. 0.6 700 25 18.9 30.7 38.3 12.0 -
525 1.3 25.0 35.1 12.0 -
(2.15)(0.64) 75 17.8 24,6 gu.z 13.5 -
700 400 375 23.3 32.6 40.0 10.0 -
500 14.8 25.0 36.6 17.0 -
R809 2.5 1.0 700 oo 22.2 30.7 37.0 12.0 -
(2.5) (0.55) 550 17.0 24.9 26.3 12.0 -
700 400 3758 26.9 33.8 41.3 6.0 -
500 17.4b 25.6 36.7 13.0 -
R810 1.5 0.6 700 550 16.9 26.8 34,9 12.3 -
(1.2} (0.3) 625 16.1 23.6 34.3 7.5 -
700 400 350 29.3 3k.9 k2.2 13,0 -
£50 18.9 27.6 37.7 15.0 -
R811 2.0 0.8 700 425 20.5 32,3 37. 9, -
(1.65)(0.4) 25 19.3 29.% 36.3 9.3 -
700 400 50 27.4 34.1 39.2 11.0 -
€00 18.0 25.92 36.8 11.0 -
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TABLE XXVII Cont'd
AVERAGE MECHANICAL PROPERTIES OF
MAGNESIUM-ZINC-CERIUM ALLOYS

Intended
Comp. Nominal Heated Static
{Spectro. Rolling One Elong. Rupture
Analxsls% Temp. °F Hour Kips per sag. in. % in Energy
Alloy n Ce Hot Warm at QEE TYS UIS 2 in. in-lbs,
R812 2.5 1.0 700 500 21.5 20.3 35.7 11.0 -
(2.3) (1.1) 575 19.L 26.6 36.3 7.0 -
700 400 L7s 27.4 34,0 41.3 11.0 -
600 18.2 27.6 37.8 9.0 -
R813 3.0 1.2 700 425 17.5 26.4 36.1 13.0 -
(2.5) (0.37) 525 16.5 22.1 33.3 10.5 -
700 400 325 23.6 35.1 42.6 13.0 -
Lso 15.4 26,5 31.2 12.0 -
R814 1.5 0.3 700 500 20.3 27.6 35.7 11.0 -
(1.2) (0.38) 650 12.2 18.4 2%'6 10.0 -
700 400 450 24,5 32.6 40.5 20.5 -
575 16.8 25.9 36.7 14.0 -
R815 2.0 0.3 700 375 17.9 27.2 36.4 17.0 -
(2.0) (0.3) 525 12.9 20.9 34.4 15.2 -
700 11.2 17.9 34.7 18.2 -
700 400 350 24.7 33.9 b0.9 14.6 -
525 13.1 25.0 35.8 i4.5 -
R817 3.0 0.3 700 100 12.6 25.1 34.3 12.0 -
(3.2) (0.3) 525 8.5 18.0 32.4 9.0 -
700 400 325 17.8 28.5 3 'Z 15.0 -
L4735 10.6 20.9 3 8.0 -
R822 2.5 0.3 700 350 19.5 28.3 36.6 16.0 -
(2.8) (0.4) b0 14,1 24.1 35.6 11.0 -
700 400 375 16.5 28.2 38.5 4.5 -
500 11.9 24.8 34.8 15.0 -
R823 3.0 0.3 700 50 17.6 29.4 37.8 14.5 -
(3.2) (0.34) 75 10.5 23.0 34.9 17.0 -
700 400 375 17.0 27.2 37.9 14,0 -
500 10.7 23.8 35.8 14.0 -
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TABLE XXVII Cont'a
AVERAGE MECHANICAL PROPERTIES OF
MAGNESIUM-2INC-CERIUM ALLOYS

Intended
Comp. Nominal FHeated Static
(Spectro. TRolligg One E%ong. gupture
Anglysisa emp. °F Hour Kips per sg. in. in nergy

Alloy Z%Zn %Ce Hot Warm at CYS TYS UTS 2 in. in.-1bs.
R824 3.5 0.3 700 350 17.3 28.1 37.4 14.0 -
(3.4) (0.39) 500 11.0 23.0 34.9 10. -
700 400 25 18.5 31.1 39.2 14.0 -
00 16.2 27.3 38. 14.5 -
R84 1.3 0.5 700 450 21.3 30.6 34.6 16,2 -
(1.5) (0.5) 600 17.0 21.0 32.4 18.0 -
700 12.4 17.5 30.7 19.5 -
550 19.3 29.8 36.6 4.5 -
800 10.7 18.7 30.9 16.2 -
R847 1.3 0.5 700 k50 22.5 31.0 36.6 15.3 -
(1.34)(0.36) 600 18.2 23.6 34.4 17.7 -
700 13.9 19.7 32.6 17.5 -
700 L0O 350 29.6 36.9 43.2 18.0 -
550 20.6 29.0 37.6 20.5 -
800 13.1 22,3 34.2 20.7 -
R84 0.8 0. 700 450 22,7 32.3 36.3 12.5 -
(0.68)(0.33) 650 15.7 20.6 31,7 20.7 -
700 400 Lzp 31.0 34.3 Lo,1 2.5 -
550 - 23.7 31.9 37.9 15.0 -
800 12.6 18.0 30.3 17.0 -
R84Y 0.8 0.6 700 500 25.8 33.0 37.6 11.3 -
(0.71) (0.4} 600 22.4 29.7 36.1 20.5 -
700 19.9 21.1 32,2 20.5 -
700 400 450 30.4 32,4 41.3 2.2 -
550 24,6 132.6 38,0 6.0 -
80(¢ 13.9 18.3 30.8 15.2 -
R853 1.2 0.5 700 Loo 22,7 32.2 37.7 16.7 -
(1.2) (0.8) 550 23.3 31.4 37.4 18.0 -
700 400 L00 30.6 34.5 41.7 8.5 -
. 500 27.0 32.3 39.3 18.5 -
) 750 13.9 22.9 33. 20.0 -
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Alloy

R855

R856

R857

R869

R870

TABLE XXVII Cont‘'d
AVERAGE MECHANICAL PROPERTIES OF

MAGNESIUM-ZINC-CERIUM ALLOYS

Intended
Comp. Nominal Heated
(8peetro. Rolling One
Analysis Temp. °F Hour
n Ce Hot Warm at
l.E 0.6 700 400
(1.545)(0.45) 600
700
2.0 0.8 700 Lo
{1.72)(0.70) 600
700
700 L0OO 300
500
800
1.3 0.5 700 540
{1.00)(0.65) 650
80¢
700 400 1300
500
800
1.4 0.55 700 300
(1.4) (0.?; 450
600
700 40O 00
50
2.2 0.9 700 250
(2.2) (0.7) 400
550
700 400 00
25
550
121
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TABLE XXVIII
AVERAGE MECHANICAI, PROPERTIES OF MAGNESIUM-0,9% ZINC
0.4% CERIUM AFTER COLD ROLLING AND HEAT TREATING

Heated Elong.

% Cola% One Hour Ki%s per sg. in. % in
Reduction at £Ys Tys UID 2. in.
10 550°F 18.8 28.6 35.7 15.8
675 4.1 21.5 33.h 16.5

godb  11.0 15.6 30.5 21.5

15 450 20.2 27.3 33.8 9.7
600 16.6 23.5 32.9 12.8

675 10.8 15.3 29.6 23.7

20 350 21.9 27.8 32.2 10.2-

00 20.3 25.9 34.0 12.7

50 13.0 17.6 31.2 23.8

25 300 21.6 27.6 34,9 6.5
L7s 20.1 25.h 35.8 8.8

600 13.6 17.1 31.2 20.0

*Specimens were hot rolled at 700°F and
heated one hour at 700°F before cold rolling.
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TABLE XXIX

AVERAGE MECHANICAL PROPERTIES OF MAGNESIUM-ZIRCONIUM ALLOYS

Intended
Comp. Nominal Heated
(Spictro. golling One
-Analysis emp. °F Hounr
Alloy %Zr Het Warm at
R681 0.2 700 400 koooF
700
R682 0.2 700 350
(0.01) 650
R684 0.5 700 400 500
50
15% Cold Rolling 400
R686 0.5 700 500
(0.17) 800
15% Cold Rolling 700
R687 0.8 700 400 Loo
15% Cold Rolling 400
R688 0.8 700 700
(0.17) 800
15% Cold Rolling 700
R690 1.0 700 700
15% Cold Rolling 700
R69 1.0 700 400 500
(0.23)
R693 1.0 700 700
(0.18) 15% Cold Rolling?00
R694 1.0 700 400 500
(0.20)
R751 0.1 700 -
(0.1) 700
700 500 -
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Kipg per sg. in.
£Z§ Y8 IS
9.7 19.5 27.3
6.3 19.1 29.8
11.1 18.7 27.6
5.4 17.4 29.2.
20.1 21.7 28.2
8.0 17.3 28.9
22,1 22.6 25,0
14.4  20.1 28.3
7.5 18.2 29.5
13.8 20.9 26.6
- 18.2 23,2
21.2 19.8 26.38
7.7 18.2 29.9
7.4 17.4 29,0
15.1 22,9 28.6
9. 16.2 28.8
12. 19.2 21.1
17.2 17.K 23.4
11,0 18.3 29.4
M.1 22,2 256.8
17.5 20.3 24.3
12.2 13.2 24.9
6.0 13,7 23.0
12.2 13.1 24.5

Elong.
% in

2 1in,
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e lo:]
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TABLE XXIX Cont'd
AVERAGE MECHANICAL PROPERTIES OF MAGNESIUM-ZIRCONIUM ALLOYS

Intended

Comp. Nominal Beated -~ Static
(Spectro. Rolling One 'Elong. Rupture
Anaéfsisl Temp. °F Hour Kips per sdq. in. % in  Energy

Alloy Zr Hot Warm at  C¥8 T¥S UIS 2 in. in.-1bs.
R752 0.1 700 600°F 10.7 15.0 25.7 E.s -
(0.09) 700 500 - 15.0 13.6 23.7 .7 -
700 7.6 13.85 25.4 5.0 -
R753 0.1 00 500 11.2 22.8 32.4 7.8 -
(0.20) 700 500 - 11.6 13.6 23.7 5.8 -
R766 0.5 700 hosg 22.3 22.8 32.4 7.5 -
(0.hh) 575 14.8 22.1 32.3 7.7 -
700 500 600 8.5 17.4 30.8 8.0 -
700 7.3 16.8 30.6 11.0 -
R767 1.0 700 600 10.2 13.3 26,3 6.8 -
(0.73) 750 6.9 13.4 27.3 7.7 -
700 500 500 13.4 13.8 22.8 8.3 -
700 7.1 12.9 26.2 7.8 -
R769 1.0 700 500 12.7 4.5 25.6 9.0 -
(0.76) 600 9.4 14.0 26.7 7.5 -
700 500 700 7.9 13.5 26.0 7.7 -
R771 1.0 700 bs0 4.9 13.3 24,4 8.0 -
700 500 580 12.7 14.6 26.8 8.2 -
R772 1.0 200 600 10.1 13.1 27.0 7.3 -
(0.55) 700 7.5 13.7 26.3 7.0 -
700 500 550 12.1 15.4 26.2 7.3 -
‘?50 6.8 1303 25- 6.0 -
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TABLE XXX

AVERAGE MECHANICAL PROPERTIES OF MAGNESIUM-ZINC
ZIRCONIUM ALLOYS

Intended
Conp. Nominal Heated Statice
ﬁSpectio. gollingF che . : . E;ong, Rupture
nalysig emp . our ipe per sq. in. z in Ener
Alloy ZZn z%} E§i Warm at CYs RTYg UTS 2 in, inrlgg.
RE95 0,2 0.8 700 - S500°F 14.4 23,2 31.2 12.7 13,2
(0.17) {(0.17) 750 9.8 19.4 31.6 13.3 -
15% Cold Rolling %700 13.9 28.4 32,1 1.3 L1
R6%96 o.g 0.5 700 - 350 19.4 23.9 31.9 11.3 10.8
(0.43) (0.15) 700 10.8 19.3 30.6 16.3 -
15% Cold Rolling 700 15.8 - 20. 0.0 1.0
R698 0.5 0.5 700 400 328 17.7 24,8 34,5 6.8 8.9
200 8.8 19.5 31.F 11.7 -
15% Cold Rolling 400 19.6 28.6 30.8 0.5 2.8
R699 0.8 0.2 700 - 700 14.3 - 27.3 0.0 1.6
15% Cold Rolling
R702 0.8 0.2 700 400 325 13.9 24.8 34.1 7.0 8.7
15% Cold Rolling 1400 15.4 - 14,6 0.0 0.7
R873 0.2 0.8 500 - Loo 28.7 29.5 38.6 8.7 -
(0.29) (0.99) 500 29.1 28.9 738.1 8.8 -
600 4.5 24.6 36.2 12.5 -
(o.ga) (0.39) 400 34.1 33.5 42.8 8.3 -
550 20.3 28.2 37.4 11.3 -
R875 0.8 0.2 500 - 230 25.9 29.4 38.1 5.2 -
500 13.7 21.3 31.8 22.0 -
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