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SUMMARY

The present report describes the results obtained in an investiga-
tlon of magnesium-cerium forged alloys, which included (1) the develop-
ment of improved alloys and (2) a fundamental study correlating alloy
composition and structure with the resistance to creep.

The alloy-development phase of the project has been brought to a
logical conclusion. The nominal composition of the recommended alloy
is 1.7 percent manganese, 2 percent cerium, 0.25 percent nickel, and the
balance magnesium., This alloy should be solution-heat-treated at 1040° F.
In the experimental work, the alloys were heat-treated 24 hours st
1040° F, air-cooled, and then aged 16 hours at 400° F.

At 600° F this alloy has a yield strength and ultimate strength
about 20 percent higher than those of EM22 alloy and time-deformation
curves developed for these two alloys at 600° F and at 1300-, 2000-, and
2500-psi stresses indicate that the creep resistance of the recommended
alloy is substantially better. Forging and hot-rolling tests indicate
that the hot-working characteristics of the new alloy would be reasonably
satisfactory but that it would be slightly more difficult to hot-work
than EM22. No corrosion tests have been carried out.

Considerable progress was made on the correlation of composition

and structure with the creep properties of the alloy. Although cerium
. is necessary to provide high tensile properties at 600° F, manganese

appears to be the most useful in imparting high resistance to creep in
the magnesium-cerium-manganese ternary alloys at 600° F, Only those
alloy constituents which are or were in solution appear to be effective
in improving the creep resistance of the material. It has been found
that with O percent cerium good creep properties can be obtained only by
quenching from the solution-heat-treating temperature, but with 2 percent
‘cerium good creep resistance can be obtained by air coollng from the
heat- treatlng temperature.
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" Substantial differences in creep resistance have been produced as a
result of differences in heat treatment, composition, and fabricating )
technique or as a result of uncontrolled differences from heat to heat of
similar compositions and from specimen to specimen from the same heat of
material. For the most part, metallographic examination at magnifica-
tions up to 500X does not reveal,the structural differences which must
necessarily account for such differences in creep resistance. The X-ray
diffraction and electron-microscope examinations showed that the struc- -
ture of the alloys is quite complex. In general, fine particles as
revealed by diffused diffraction lines were generally associated with
good creep resistance. Alpha and beta manganese, as well as one unknown
constituent, were noted. There was some evidence that coarse particles
of another phase, tentatively identified as the magnesium-cerium com-
pound MggCe, had a slightly harmful effect on creep resistance. Pre-
liminary results obtained with the electron microscope provided g fair
correlation between the X-ray diffraction studies and the structure
revealed at a magnification of 5000X.

INTRODUCTION

During the past 4 years, considerable work has been ‘done on the
improvement of the elevated-temperature properties of the magnesium-
cerium alloys. Prior to 1945, little was known about the engineering
properties of these alloys. It had been shown, particularly by the
Germans, that these alloys appeared to have better elevated-temperature
properties than those of magnesium-aluminum-zinc commercial compositions;
however, quantitative data were meager. Some time later reference 1 was
received from the Dow Chemical Company and proved to be of considerable
assistance. :

In 1945, a systematic investigation was begun under the sponsorship
of the Air Materiel Command, Wright-Patterson Air Force Base, on
- magnesium-cerium-alloy development, one aim of which was to obtain data
on the high-temperature properties of the 6-percent-cerium, magnesium-
base (EM62) alloy. (See references 2 and 3.) As a basis for comparison,
the commercial AZ63 alloy was tested with the magnesium-cerium glloy.
Also, considerable information was obtained on the following:

(1) The use of zirconium as a grain refiner -

_ (2) The effect of a fourth addition on the properties at room and
elevated temperatures of magnesium-cerium-manganese casting alloys

(3) The relative effect of the grain size on the creep resistance

(4) The fatigue life of the EM62 and AZ63 alloys at elevated
temperatures
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At the conclusion of this investigation, the alloy-development phase
indicated .that the elevated-temperature properties could be improved by
a small addition of a fourth element, but the experimental work was
incomplete. ’

Since progress was being made on the development of casting alloys,
another investigation was begun under the sponsorship of the Bureau of
Aeronautics of the Navy Department to continue the alloy-development
Phase of the previous investigation, with particular emphasis being
Placed on the use of a short-time creep test as a means of screening
out the best alloys. (See reference 4.) During the course of the alloy
development, information was received from the Dow Chemical Company that
the EM62 composition, now referred to as EM61l, was difficult to cast
into intricate shapes because of hot cracking attributed to the coarse
grain of the alloy. Accordingly, the investigation was directed, in
part, toward the attainment of a finer grain in the castings of the
alloys. Previous data (reference 3) had.indicated that zirconium was a
potent grain refiner; however, its use in the melting room was cumbersome
and the results were erratic. Therefore, since manganese coarsens the
grain of magnesium-cerium-manganese alloys, steps were taken to reduce
the amount of this element in the base composition.

When a fine-grained base of 6 percent cerium and approximately

- 0.80 percent manganese was employed, the emphasis of the alloy develop-
ment was placed on obtaining good properties at elevated temperatures.
As a result of  this investigation, an alloy was developed, by adding
0.20 percent nickel and 0.02 percent tungsten to this base, which was
fine-grained even at pouring temperatures of 1500° F and, therefore, may
be less hot short than EM62 alloy, In addition, it had better tensile
strength and yield strength at elevated temperatures. The creep resist-
ance of this alloy tested at 600° F under a 2500-psi stress was markedly
superior to that of E6 alloy and comparable with that of the EM62 alloy,
although not quite so consistent. A comparison of its properties with
those of E6 and EM62 alloys is presented in table.? of reference k.

Another investigation of forged alloys was instituted by the
National Advisory Committee for Aeronautics. - (See reference 5.) The
objectives of this project were (1) to establish the optimum extrusion
and heat-treating procedures for the alloys and (2) to improve the
properties of the forging alloys by modifying the EM62 composition.
The attainment of these two objectives was carried on simul taneously,
employing the indirect extrusion press as a means of fabrication.

During the course of this work on forged alloys, data were obtained
on (1) the effect of heat treatment and the degree of reduction by
extrusion and (2) the effect of the addition of a fourth element to the
EM62 base composition. .At the conclusion of the investigation, the
evaluation of the various alloys prepared was incomplete. However, a
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single test indicated that 0.50 percent aluminum added to the EM62 base
improved the creep resistance when tested at 600° F under a 1300-psi
stress.

The present investigation was conducted at the Battelle Memorial
Institute under the sponsorship and with the financial assistance of the
National Advisory Committee for Aeronautics. It consisted of two parts:
The first part-included the completion of the alloy-development investi-
gation and the second part dealt with the fundamental study of the rela-
tionship of composition and structure to creep properties. The general
purpose of the fundamental study was to learn what.type of structure is
necessary to produce good and consistent creep properties. -Such infor-
mation would be of considerable assistance in the development of alloys
hgving good creep resistance. The fundamental study of the relationship
of structure to creep properties included the following:

(1) The effects of fabrlcatlng procedure - castlng, extruding,
forging, and rolling

(2) The effect of cerium content on the tensile and creep proper-
ties of 1.T-percent-manganese alloys in the annealed, the heat-treated,
aged, and stabilized, and the heat—treated quenched, aged, and stabi-
lized conditions o

(3) The effect of manganese content on the tensile and creep
properties of 2- and Y-percent-cerium alloys in the heat-treated, aged,
and stabilized condltlon

(4) The effect of graln orlentatlon on the creep properties of
EM42 sheet

(5) The explanation of the cause of difference in creep resistance
of materials having differences in composition, heat treatment, and
fabricating history

(6) The cause of differences in creep of similar materials from
two different heats or two different specimens from the same heat

GENERAL PROCEDURES

The general melting, casting, and testing procedures were similar
to those used in former projects on magnesium-cerium alloy development
and described in references 2 to 5. However, for the sake of complete-
ness,. much of +this description is repeated in the follow1ng pages.
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 Melting Methods

The procedure used for the preparation of the magnesium-cerium melts
consisted in melting the pure magnesium and/or the A.S.T.M, M1 alloy in
the amounts required to produce the desired manganese analyses. These
melts were made in a steel crucible. As soon as the charge was lowered
sufficiently in the steel pot, a tight-fitting cover was placed over the
crucible, and a protective atmosphere of nitrogen introduced. The melt
temperature was raised to approximately 1400° F, at which time the cover
was removed and the melt protected with Dow 181 dusting agent during the
subsequent cerium (misch metal) addition. This operation also required
thorough stirring of the melt, during which time the Dow 181 was used as
a protective agent. The holding time of approximately 1 minute per
pound of melt was employed after the stirring operation. This holding
period was carried out while the melt was under the protective nitrogen
atmosphere.

Elements of high solubility in magnesium were usually added along

- with the cerium, whereas those of low solubility or relatively high
melting temperature were added to the magnesium prior to the cerium
addition so that a higher temperature could be used. Nickel and a second
element were usually added in the form of a nickel-rich alloy containing
the second element. If the nature of the alloy addition required a high
temperature, Dow 310 flux was employed as a protective agent up to the
time of the cerium addition. After the alloy additions had been made
and thoroughly stirred, the melt was held under a protective nitrogen
atmosphere for the above-mentioned holding period to permit certain non-
" metallics to settle. ' '

After the settling period, the metal was poured into a preheated
h-inch cylindrical mold and, in some cases, also into a green-sand,
four-bar mold. The ingot mold was preheated to a temperature equal to
the pouring temperature of the metal. An interval of 2 minutes was
employed to allow certain nonmetallic constituents 4in the melt to settle
to the bottom of the ingot. The preheated mold with its contents was
then cooled by introducing water into a surrounding container and per-
mitting the water to rise slowly up over the outside walls of the ingot
mold. During the 'solidification period, the ingot mold was vibrated
continuously until the metal was completely solidified. This method of
ingot casting produced directional solidification and provided an ingot
free of pipe and other unsoundness.

In some cases, slabs for rolling were cast along with the billets
for extrusion. These slabs were poured into two sizes, namely,

5 by 5 by l% and 8 by 6 by 1 inches. To determine the forgeability of

the alloy of. optimum compositioh, ingots approximately 5 by 5 by 8 inches
were cast into a gray-iron ingot mold fitted with a copper bottom. The
mold was equipped with.a refractory hot top to insure adequate feeding
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of the ingot during solidification., The type of crystalline structure
formed by this method of casting is more suitable for forging than that
cbtained in the cylindrical mold.

Fabrication Methods

A 250-ton press was available for the extrusion process. This was
equipped with indirect extrusion tools for the purpose of extruding

machined 3%3-inch—diameter billets to 3/h—inch-diameter bar stock. /

The indirect extrusion method was chosen over the direct method
because (1) lower maximum pressures are required, thereby permitting the
use of a larger extrusion billet for a given press capacity, and (2) the
extruded rod is reported to be more uniform from one end to the other
because of the manner in which the metal flows from the container through
the die.

When using the indirect extrusion method, the extrusion billet is
placed in the preheated container, the die at the end of.the ram moves
downward, and the metal is extruded through the hollow ram up through
the open top of the press.

A single-stand, 8-inch, experimental rolling mill was employed
for rolling some of the experimental alloys. Frequent reheating and
light reductions per pass were found to be prerequisites for the produc-
tion of suitable sheet material.

Heat Treatment

The magnesium-cerium alloys were generally solution-heat-treated
for 24 hours at 104LO® F in an air-circulatory type of furnace. A small
percentage of sulfur dioxide was maintained in the atmosphere throughout
this cycle. Except where otherwise noted, the material was air-cooled
from the solution temperature, after which it was aged 16 hours at 400° F
A stablllzatlon treatment was employed for all specimens tested above
300 F. Those to be tested at L400°.F were held 2h hours at 500o F, those
to be tested at 500° F were held 2% hours at 575° F, and those to be
tested at 600° F were held 24 hours at 650° F prior to testing. When an
accelerated rate of cooling from the solution temperature was desired,
cold water or oil was employed as the quenching medium.

High-Temperature Tensile Tests

Tensile tests were made at room temperature and 600° F on all of
the extruded and forged material., To evaluate the alloy of optimum
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composition, tests were made also at 300°, L00°, and 500° F. Briefly,

~ the high-temperature tests consisted in Placing a 0.505-inch specimen

in a specially calibrated furnace mounted on the testing machine. The
furnace was calibrated so that the temperature variations between seven
thermocouples were only *#5° F. Upon reaching the desired temperature,
the load was applied at the rate of 0,01 inch per minute per inch of
gage length until the 0.2-percent yleld strength was reached. The rate -
was then increased to 0.03 inch per minute per inch of gage length until
rupture occurred. Stress-strain curves were obtained for each specimen.

Except for the difference in dimensions of the test pieces, the
testing'of the sheet material was somewhat similar to the procedures
employed for the extruded stock. It was, however, extremely difficult
to obtain accurate stress-strain curves because of the type of exten-
someter equipment. For this reason, only the ultimate strengths were
obtained on the sheet specimens.

Creep Tests

The equipment used for creep testing is illustrated in figure 1
which shows a group of four creep or stress-rupture units. Each testing
unit is equipped with a chromium-plated copper- or steel-shell furnace
6 inches in diameter and 18 inches long, wound with 14-gage Chromel A
wire and insulated with silica gel. These furnaces may be used for
creep or stress-rupture tests up to 1800° F, but 600° F was the maximum
temperature employed in this 1nvest1gat10n., A small window is provided
at both the front and back of the furnace for measuring the deformation
of the test specimen by optical means.

A standard 0.505-inch creep test specimen and calibration specimen
are shown in figure 2. The temperature gradient in the furnace can be
controlled and changed by means of external shunts along the tapped
furnace winding. For this purpose, the calibration specimen, shown in
figure 2, is used and the furnace is shunted so that the maximum temper-
ature variations measured by thermocouples at positions Tj, Ci, Bi, To,
Co, and Bp do not exceed *3° F at the test temperature. 1In some cases,
even smaller variations are obtained. All temperature variations are
kept below the maximum allowed by reference 6. During the actual creep
tests, thermocouples are located at positions To and By and are used for
adjusting the test temperature. Thermocouples are also placed at posi-
tions T and B, the control thermocouple at B and the recorder thermo-
couple at T. These thermocouples can be. replaced while the test is in -
progress.

The load is applied to the test specimens by means of a lever arm
with a 9:1 ratio. For the purpose of the present investigation, a stress
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of 2000 psi was employed. Stresses of 1300 and 2500 psi were included
for the evaluation of the experimental alloy of optimum composition.

The test temperature of each furnace is maintained by Tag Celectray
indicating controllers equipped with a throttling mechanism for closer
control. Foxboro controllers with a heater loop anticipating device are
also used for control on some test units, For measurement of deforma-
tion, platinum strips are used which are attached to the shoulders of
the specimen, one at each end of the gage length. Figuré 2 shows the
strips in position upon the test specimen. A series of very fine cross
marks is ruled on each strip. Changes in length of the test specimen
are measured by determining the change in dlstance between two chosen
cross marks, one on each strip.

The microscope, with which deformation readings are made, has an
‘eyepiece fitted with a filar micrometer and is mounted on a graduated
screw, Calibration shows the smallest division of the filar eyepiece to
-read 0.00005 inch, which, on a gage length of about 2.3 inches, provides
readings slightly over 0.00002 inch per inch, or about 0,002 percent

Deformation readlngs are usually made dasily by two observers, and
the time-deformation data illustrated in this report are the averages of
the readings obtained by two observers.

ALLOY DEVELOPMENT

Several experimental compositions had been prepared for the work on
the development of forged alloys for elevated-temperature service
reported in reference 5, but there was not sufficient time to complete
the creep tests on all of the heats. All of these alloys contained an
. EM62 base, a designation which indicates that the magnesium-base alloys
contained approximately 6 percent cerium and 2 percent manganese. The
A.S.T.M, designation is EM61 because of the low minimum manganese content
which is permissible. However, if the base alloys referred to in this
report contained near 2 percent manganese, they will be referred to as
EM62, EM42, or EM22, depending upon their cerium content. Actually,
misch metal was used in all of the experimental work. Consequently,
percent cerium actually means percent rare earths in the form of misch
metal.

To complete the apprélsal of the effects of various additions to
the EM62 base, specimens of the material previously prepared were sub-
jected to creep tests at 600° F and at a 2000- psi stress. The tensile
properties of these alloys at room temperature and 600° F are presented
in reference 5.
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To recheck the effects of aluminum on the creep properties of the
EM62 base, a new heat;, Al850, was prepared and tested, The effect of
the various additions on the minimum creep rate and total deformation
in 120 hours is shown by the bar graph in figure 3. JTncluded in this
figure are several heats of EM62 prepared for the present investigation,

Reference to figure 3 shows, first of all, a considerable variation
in the total deformation and minimum creep rate of the EM62 base. As
will be pointed out later, this variation in creep properties of ‘the
EM62 base, as well as of the EMA42 and EM22 bases, appears to be charac-
teristic of these alloys in the extruded form.l Because of this vari-
ation in the creep properties of the base material, the conclusions '
which may be drawn from figure 3 can only be tentative, as follows: '

(1) The addition of 0.5 percent aluminum appears to be somewhat
beneficial and the results obtained on the new heat, A4B50, check the
previous results obtained on heat A3213 referred to in reference 5,

(2) In addition to 0.5 percent aluminum, it is probable that
. 0.01 percent titanium or 6 percent cadmium has some beneficial effect
- on the creep rates of the EM62 base material.

It should be noted that, while the creep properties of the alloys
containing cadmium, titanium, or aluminum are considerably better than
the average results'obtained on the EM62 base, they are only slightly
better than the best creep re51stance obtained with the EM62 base.

The alloy-development phase of thé present investigation was guided
to some degree by the experiences and data obtained in the previous
projects dealing with magnesium-cerium casting-alloy development.
Seventy-five melts were prepared in the present investigation, A portion
of these. heats was prepared as part of the alloy-development program.

The others were prepared as part of the fundamental investigation dealing
with the relationship of composition’and structure to the creep properties.

Effects of Manganese and Cerium Contents

A considerable study was made of the effects of manganese and cerium
contents as part of the work required to obtain additional data to permit
the establishment of the proper cerium and manganese contents of the base
material. This study was also necessary in the phase of the project
dealing with the relationship of compos1tion and structure fo the creep
propertles.

1The creep resistance of these alloys in the standard creep test is
remarkably consistent when the material is in the form of cast test bars.,
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The creep data showing the effects of manganese content are graphi-
cally represented in figures 4 and 5. The creep data showing the effects
of cerium are graphically represented in figures 6 to 9,

The tensile data showing the effects of manganese and cerium con-
tents are in tables 1 and 2.

Figure 4 consists of time-deformation curves showing the effect of
manganese in an extruded magnesium-base 2-percent-cerium alloy in the
heat-treated, aged, and stabilized condition. The tests were conducted
at 600° F and a 2000-psi stress. - It may be concluded from this figure
that, in a 2-percent-cerium alloy, the creep properties at O, 81, 1. 2h
1.55, and 1.90 percent manganese all produce about the same creep rates,
at least up to 150 hours. Only the 1.90-percent-manganese alloy was
tested to 621 hours. However, when the manganese content is reduced to
O percent, the creep resistance is exceedingly inferior, since 20 times
more deformation occurred in 50 hours than was obtained in the manganese-
- containing alloys in 150 hours. :

Figure 5 contains time-deformation curves showing the effects of
manganese in an extruded magnesium-base alloy containing 4 to 4.5 percent
cerium. - Again, the tests were carried out at 600° F and at a 2000-psi
stress and the material was in the heat-treated, aged, and stabilized
condition. There is some scatter in the results, but it may be concluded
from -this figure that O percent manganese again results in an alloy
having exceedingly poor resistance to creep., There is some indication
that the manganese content should be greater than 1 percent in this base
material., However, this conclusion is tentatlve, since some scatter in
the results occurred.

Figures 6 and [ are time-deformation curves showing the effects of
cerium content in 1. 8-percent-manganese alloys in the heat-treated, aged,
and stabilized and heat-treated, quenched, aged, and stabilized conditions,-
respectively. Figure 8 shows the effect of cerium on the time required '
to produce 0.1-, 0.2-, 0.5-, 1-, 2-, and 5-percent deformation in a 1.6-
to l.9-percent-manganese, magnesium-base, extruded alloy. As might be
expected, the cerium content had relatively little effect on the time
required to produce O.l-percent deformation. However, at 0.5- and
l-percent total deformation, the optimum cerium content in the 1.6-
to l.9-percent-manganese alloys in the heat-treated, aged and stablllzed
condition appears definitely to be near 2 percent cerium. :
Figure 9 shows the effect of cerium on the minimum creep rate and
total deformation at 120 hours. Again, the base material is a 1.6~
to 1.9-percent-manganese, magnesium-base, extruded alloy, The testing
temperature was 600° F and the stress was 2000 psi. This graph merely
is another method of presentation of the data shown in figure 8, It is
again concluded that the.cerium content for maximum resistance to creep
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is near 2 percent in the 1.6- to 1.9-percent-manganese alloy. This
conclusion is further substantiated by the bar graph in figure 10.

The effect of manganese on the tensile properties at room temper-
ature and 600° F is shown by the data in table 1. These data indicate
the following:

(1) The yield strength at room temperature increases with manganese
content up to about 1 percent in the 2-percent-cerium base, but the
manganese is without effect on the yield strength of the h-percent—
cerium base.

(2) An addition to the 2-percent-cerium base of about 0.8 percent
manganese, or more, produces some increase in ultimate strength at room
temperature. .

(3) The yield strength at 600O F increases with the manganese con-
tent in both the 2- and 4-percent-cerium alloys. No further increase
in yield strength, however, is obtained at manganese contents higher
than about 1.5 percent.

(4) In the 2-percent-cerium base, the ultimate strength at 600° F
1ncreases substantially with the manganese content up to about 1.25 per-
cent. In the 4-percent-cerium base, the ultimate strength at 600°.F
increases only from about 10,125 to 11,000 psi as the manganese content
is increased from O to 1.66 percent.

" (5) The elongation at room temperature and at 600° F appears to be
substantially independent of the manganese content in either the 2- or
L-percent-cerium base. :

Thus, the best tensile properties, as well as maximum resistance ‘to
creep, are obtained by a manganese content of about 1.5 percent. Such
manganese -contents can be readily obtained in-the magnesium-cerium melts,
whereas manganese contents near 2 percent are relatively dlfflcult to
attain. :

The effect of cerium content on the ten51le properties is shown in
table 2, which indicates the following: -

(1) The yield strength‘at room temperature is somewhat variable
though not. appreclably affected by the cerium content

(2) The ultimate strength at room temperature is variable up to
about 1 percent, above which it remains about 35,000 psi
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(3) The elongation at room temperature does not appear to be
materially affected by the cerium content, although there is a tendency
for some reduction in elongation when the cerium content is in excess
of 2.5 percent

(4) The greatest effect of cerium content is apparent in the results
of the tests at 600° F ' ‘

(5) The yield strength'at 600° F more than doubles when the cerium -
content is increased from O to about 2 percent, above which content only
a slight improvement is obtained

(6) The ultimate strength at 600° F increases from about 4000 psi
at O percent cerium to about 10,200 psi at 2 percent cerium, and with
only a slight further increase in ultimate strength when the cerium
content is increased to approximately 4 or 6 percent

(7) The elongation at 600° F appears to increase slightly with
increasing cerium content ‘ :

Certainly, it may be concluded from the above data that about 2 per-
cent cerium and about 1.5 percent manganese are the optimum amounts
needed to produce good tensile properties at 600° F, as well as to
attain maximum resistance to creep. ‘

Effects of Additions of Other Elements to Nominal 2-Percent-Cerium,
1.7-Percent-Manganese, Magnésium—Base Alloys

In previous work (references 't and 5) on the development of
magnesium-cerium casting and forging alloys, it was found that small
additions of nickel produce beneficial effects on the tensile and creep
properties at 600° F. The 0,2-percent-nickel addition increased the
tensile strengths of the 2-percent-cerium, 1.7-percent-manganese alloy
at 600° F by approximately 2000 psi, and improved the resistance to
creep at 600° F and a 2000-psi stress. Therefore, this element was
employed either singly or in combination with other elements in 28 of
the 75 melts prepared in the present investigation. :

A summary of the data obtained on the heats prepared previously
in the alloy-development phase of the project is contained in table 3.
This table shows the actual analysis, methods of fabrication, heat
treatments, testing temperatures, tensile properties at room temperature
and at 600° F, and a summary of the creep data.

Figure 10 is a bar graph showing the total deformation at 120 hours
and the minimum creep rate of several heats of the following:
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(1) EM62
(2) EMb2 -
(3) EM22

(%) Alloys contalnlng 1.8 percent manganese and O to 1. 35 percent
cerium

(5) The alloy of optimum composition, namely, one containing 2 per-
cent cerium, about 1.7 percent manganese, and about 0.2 percent nickel

(6) Several alloys of the opt imum comp031tion plus single additions
of several other elements

Review of figure 10 and table 3 shows the following:

(1) The total deformation and minimum creep rates of the alloys in
the heat-treated, aged, and stabilized condition are the highest for
the EM62, lower for the EML2, still lower for the EM22 composition, and
then increase again: markedly at O percent cerium

(2) There is & very large amount of scatter in the data for the
EM62, EM42, and EM22 alloys, and for the alloy containing 0.75 percent
'cerlum and 1.8 percent manganese

(3) About 0.2 percent nlckel in the nominal 2-percent-cerium,
1.7-percent-manganese, magnesium-base alloy with or without smaller
additions of  other elements produces consistently low creep values and
thoroughly demonstrates the superiority of this alloy over EM22, EML2,
or EM62 comp051t10ns in extruded form

(k) Small additions of aluminum, silver, cadmium, cobalt, molybdenum,
strontium, tellurium, or tungsten made to the alloy of optimum composi-
tion did not produce an appreciable improvement in creep properties, at
least in the standard creep test at 600o F and a 2000-psi stress

The titanium and nlckel additions ‘to the 1.7- percent manganese,
2-percent-cerium alloy were ineffective probably because the 90-percent-
nickel, 10-percent-titanium alloy added to the melt was relatively
1nsoluble. Consequently, the data for heat A5456 in table 3 are actually
representative of the values obtained on the EM22 base,

Small additions of aluminum appeared to have a beneficial effect ,on
the creep resistance of a 6-percent -cerium, 2-percent-manganese alloy,
and this observation was confirmed by further tests in the present
investigation. However, in the base of approximately 2 percent cerium
and 1.7 percent manganese a small aluminum addition did not appear to be
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beneficial, as shown by figure 11. This figure consists of time-
deformation curves for alloys containing approximately 2 percent cerium,
1.8 percent manganese, and 0.25 percent nickel, with and without a small
addition of aluminum. . '

Alloy of Optimum Composition
As a result of the alloy-development phase of thé project, the

following composition appeared to possess the best properties and . -
merited further study: :

Cerium 2 percent
Manganese 1.7 percent
Nickel 0.25 percent

Magnesium Balance

The range in composition has not been established, but it is likely that
‘the cerium content should be within the range of 1.8 to 2.5 Percent, the
manganese 1.4 to 1.8 percent, and the nickel 0.2 to 0.3 percent.

The alloy of optimum composition was subjectéd to detailedktests
as follows: :

(1) Tensile tests at room temperature to 600° F
(2) Creep tests at 600° F and at 1300-, 2000-, and 2500-psi stresses
(3) Fabrication tests, including both forging and rolling

The comparison of the tensile properties of EM22 and of the alloy
of optimum composition is illustrated by figure 12. This figure shows
the tensile and yield strengths of the alloy at room temperature, 300°,
hOOo, 5000, and 600° F. Although the EM22 composition is slightly
superior at room temperature, the alloy of optimum composition has
substantially better properties at temperatures of ‘300~ F and above.

In general, both the yield strength and ultimate strength of the alloy
of optimum composition are about 2000 psi higher than the values for
the EM22 composition, At 600° F, this constitutes about a 20 percent
increase in strength. .

The comparison of the creep properties of EM22 with the similar
creep properties of the alloy of optimum' composition is shown in fig-
ures 13 to 16, Figure 13 shows a comparison of the two alloys at 600° F
and a 1300-psi stress. Under these conditions, the two alloys appear
quite similar -and the minimum creep rate is very low for both materials.
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Figure 14 shows the time-deformation curves for the two alloys at
600° F and under a 2000-psi stress. In this chart, three different
heats of EM22 and three different heats of the experimental alloy of .
optimum composition are shown. The superiority of the alloy of optimum .
composition is quite evident.- The total deformation of the experimental
alloys at the end of 500 hours is one-half that of the best heat of
EM22 and one-fifth that of the poorest heat of EM22., Figure 15 shows
additional data obtained under the same conditions as those illustrated _
by figure 14, Four additional heats of EM22 are shown along with one
heat of the experimental alloy of optimum composition. The creep rates .
of the four heats of EM22 vary widely and all are inferior to that of
the experimental alloy of optimum composition. '

Figure 16 shows the time-deformation curves for one heat of EM22
and two heats of the experimental alloy of optimum composition at 600° F
and a 2500-psi stress. Again, the data for the experimental alloy are
consistent. The total deformation for the experimental alloy at the
end of 300 hours is approximately one-thirteenth that obtained on the
EM22 composition.

Figure 17 shows a summary of the creep data obtained on the EM22
alloy and the experimental alloy of optimum composition. This figure
shows design curves and consists of a plot of the stress against the
logarithm of the time in hours required to produce 0.1-, 0,2-, 0.5-, 1-,
and 5-percent total deformation. The superiority of the experimental
alloy of optimum composition is quite evident. Thus, under a stress
of 2500 psi, 0.5-percent deformation will be reached in the EM22 composi- -
tion in 60 hours, whereas the experimental alloy of optimum composition
will support the same stress for 500 hours before the same total deforma-
~tion 1is produced. :

Figures 18 and 19 show photomicrographs of the experimental alloy
of optimum- composition at a magnification of 250X. Figure 18 shows the
alloy in the heat-treated, aged6 and stabilized condition, the heat-
treating temperature being 1040° F. Figure 19 shows the same alloy in
the same condition after employing a heat-treating temperature of 1000° F.
The tensile properties of the alloy at room temperature and 600° F are
the same for both heat-treating temperatures., However, as shown by the
data given with the photomicrographs, the creep resistance of the alloy
heat-treated at 1040° F is markedly superior to the creep resistance of
the same material heat-treated at 1000° F. It is quite possible that
the greater creep resistance of the alloy heat-treated at 1040° F is g
result of the coarser grain produced. Several of the experimental alloys
of optimum composition heat-treated at 1040° F have been examined metal-
lographically and none show any voids produced by burning at this
temperature. ’



16 .  NACA TN 2325

The metallographic examination of the surface corrosion produced by
exposure to 600° F for 600 hours showed that the attack was superficial
and even less in 2-percent-cerium alloys than in alloys of higher cerium
content, The specimens listed in the table below were examined micro-
scopically to determine the degree of surface oxidation. The exposed
creep test bars were measured by means of a micrometer in the condition
as removed from the furnace. After measuring, the loose scale was
removed by means of a wire brush and the bars again measured. The
difference between the two readings indicates the thickness of the
adhering scale. The difference between the final diameter and the _
original indicates the over-all loss resulting from the exposure at
" 600° F. ' '

The depth of penetration of the oxidized layer was measured. This
was done by use of the filar micrometer at 100X, .and the depths of
oxidation are reported in microns as follows:

Diameter Net ’
Time (in.) decrease ofDEEE?ace
Specimen|Alloy |[(hr at . After in oxidation
600° F) Original |exposure | After |diameter (1)
g x?a) cleaning| (in.) K

AS2TT-XT7| EM62| 533 0.5046 0.501 | 0.498 0.0066 36-53
AS27T7-X5( EM62| 458 -.5050 . 1493 .h89 .016 4480

blos b5
ASUE2-X5| EMe2| 43k .505 510 .503 . .002 16-34
AS5262-X5| EM22{ 500 .505 .509 502 | ,003 | 12-16
bug7 - b20

A5600-X5| Exp.| 509 .5045 .507 .503 .0015 37-45
A5h65-%X5( Exp.| 600 | .5045 .507 .503 .0015 243k
. b555 — | b35

8Diameter with the scale intact.
baverage.

It is concluded that the EM22 and experimental alloys oxidize at
about the same rate and both are more resistant than the EM&2 alloy.
While the degree of oxidation in 500 hours at 600° F.is minor, the .
alloys should be protected if they are to be exposed for longer times.
Previous work (reference 5) has shown that cast bars of EM&2 treated by
the following method were more resistant to oxidation at 600° F than
untreated specimens. The specimens were first degreased for 5 to
15 minutes in the following bath at 180° to 240° F, using a current
density of 15 amperes per square  foot: '



NACA TN 2325 ‘ ’ : | : 17

Trisodium phosphate 240 grams
Sodium carbonate 240 grams
Distilled water 8.0 liters
Cold-water rinse

After degreasing, the specimens were treated for 10 minutes in the
following bath at room temperature:

Hydrofluosilicic acid 250 ml
Distilled water 50 ml N
Titanium potassium oxalste

added to saturation point

After the specimens were removed from the fluosilicic-acid bath,
they were rinsed in cold water, dipped in hot water, and dried in an
air blast.

Fabrication Tests

Fabrication tests were made on ingots of EM22, EML2, and EM62, on
ingots of the experimental alloy of optimum composition, and on ingots
containing small additions to this optimum composition. The objective
was to evaluate the relative hot-working characteristics of the alloys
and to find small additions which would impart improvement in fabricating
characteristics without a sacrifice in high-temperature properties. A
slab 1 inch or lK inches thick, chill-cast in an iron mold, was used for

the tests. The slabs were usually scalped prior to rolling or after they
had been hot-rolled to 3/4-inch thickness, Rolling tests were carried
out on several ingots, with the results listed in table 4, Invgeneral6
the 6-percent-cerium alloys hot-rolled with greater difficulty at 1000~ F
than did the lower-cerium alloys. ©Some additions, notably 0.5 percent
aluminum, improved the hot-rolling characteristics. It is quite evident,’
- also, that the optimum hot-rolling temperature is 9250 to 1000° F. The
hot-rolling characteristics of the alloy of optimum composition appeared
to be satisfactory, though slightly inferior to those of EM22,

A few forging tests were also conducted on EM42 and on the experi-
mental alloy of optimum composition., These- tests were carried out with
the use of an air-driven drop hammer. The dies were not preheated prior

to the tests. It was found that the round extrusion ingots prepared by
" the water-cooled process, as described previously in this report, were
not suitable for forging tests. Consequently, the alloys were chill-
cast into ingots 5 by 5 by 8 inches high. The ingot mold employed was
gray iron fitted with a copper bottom, The top of the mold was also
equipped with a refractory hot top to promote adequate feeding of the
ingot during solidification. Experimental forging tests were performed
on five heats, with the results listed in table 5. Although the tests

~
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were too limited to permit definite conclusions, the alloy of.optimum
composition appears to forge about as well as EMU2 alloy. The optimum
forging temperature appears to be about 950° F, as shown by preliminary
tests not recorded in table 5. N

Effect of Fabricating Procedure on Properties of the Alloys

Several of the compositions were tested in the cast, extruded, and
rolled conditions., It was found that the method of fabrication had a
considerable effect upon the properties at room temperature and at 600° F.
Table 6 shows the tensile and creep properties of several alloys fabri-
cated by different methods. The meaterials tested at room temperature
are in the heat-treated and aged condition, whereas those tested at
600° F are in the heat-treated, aged, and stabilized condition.

As would be expected the castlngs have the lowest ten811e proper-
ties at room temperature. The 0.060-inch rolled sheet has tensile
properties, ‘particularly yield strength at room temperature, somewhat
inferior to the properties of the extrusions., At 600° F, the tensile
properties of the extrusions are equivalent to or sllghtly better than
those of the castings, whereas the tensile properties of the sheet are
again somewhat inferior to those of the extrusions. The average creep
values obtained on 13 extruded specimens, 8 cast specimens, and 4 sheet
specimens of about 2 percent cerium and 1.7 percent manganese, with or

-without nickel, were as follows:

Castings Extrﬁsigns Sheet

Minimum creep rate, percent/hr  0.0002 0.0012 0.010
Total deformation, percent in 0.096 0.24k 1.84k
120 hr

The average minimum creep rate of the castings in the standard test is
the lowest of the three types of specimens, that of the extrusions

6 times higher than that of the castings, and that of the 0.060-inch
sheet about 12 times higher than that of the extrusions. When comparing
the total deformation at 120 hours, the value for the sand-cast material
is again the best, and that for the extruded material is sbout 2L times

greater than that of the castings, whereas the total deformation of the
0.060-inch rolled sheet is about 7 times that of the extruded material.
The differences in the creep and tensile properties obtained on extruded
and sheet materials can, in part, be attributed to the differences in
physical shape of the specimens.
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RELATIONSHIP OF COMPOSITION AND STRUCTURE TO CREEP PROPERTIES

Effect of Heat Treatment

The relationship. of creep properties to the structure of the alloy
was first approached by investigating the effects of heat treatment on
cast and forged materials. Obviously, the amount of soluble alloy-rich
compound in solution at the heat-treating temperature and the degree of
precipitation of the material in solution can be controlled by the solu-
.tion treatment, the quenching rate, and the aging temperature employed.
Five heats, A4928, AL929, AL930, Ak931, and Ak932, of EML2 composition
were prepared. These were cast in the form of test bars in green-sand
molds and in the form of extrusion billets, using the water-quenching
technique described earlier in the report. Specimens from each of these
heats, both cast and extruded form, were heat-treated as follows:

(1) Heated for 16 hours at 400° F and air-cooled
" v(2) Aged 16 hours at 400° F and stabilized 24 hours at 650° F

(3) Solution-heat-treated 24 hours at 1040° F, air-cooled, and aged
16 hours at L400° F ‘

- (4) solution-heat-treated 24 hours at 1040° F, air-cooled, aged
16 hours at 400° F, and stabilized 24 hours at 650° F

(5) Solution-heat-treated 24 hours at 1040° F, quenched in cold
water, and aged 16 hours at LOO° F

(6) Solution-heat-treated 24 hours at 1040° F, quenched in cold water,
aged 16 hours at 400° F, and stabilized 24 hours at 650° F

(7) Solution-heat-treated 24 hours at 1040° F, oil-quenched, and
aged 16 hours at Loo° F o

(8) Solution-heat-treated 2L hours at 1040° F, oil-quenched, aged
16 hours at L400° F, and stabilized 2L hours at 650° F

Thé effects of these treatments on the tensile and creep properties'are
shown by the data in table 7. The following conclusions may be drawn
from this table: '

(1) In the sand-cast condition, the highest tensile strength at
room temperature is obtained by solution-heat-treating, but it does not
- make much difference whether the casting is air-cooled or quenched from
the solution temperature. ’
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(2) Because of the lack of stabilization of the sand castings, aging
alone produces the highest yield and highest ultimate strengths at 600° F,
Aging and stabilizing is second best, while specimens given a solution .
heat treatment have slightly lower ultimate and yield strengths at 600° F,
The rate of quench from the solution temperature has relatively little
effect. It may be concluded, therefore, that solution-treating followed
by aging and stabilizing produces slightly lower yield and ultimate
strengths than aging and stabilizing prior to testing at 600° F.

(3) The various heat treatments have relatively 1little effect upon
the creep rate of castings of EMh2.at 600° F under a 2000-psi stress.

(4) The aged and stabilized extruded material has the lowest yield
and ultimate strengths at room temperature. The highest room-temperature
tensile properties were obtained by quenching from the heat-treating
temperature. o

(5) The yield strength and ultimate strength of the extruded material
at 600° F are improved slightly by solution-heat-treating and, again,
quenching from the solution temperature produces slightly higher
properties, '

(6) Although the data are somewhat limited, the creep resistance of
the extrusions appears to be poorest in the aged and stabilized condi-
tions, intermediate in the aged condition, and best in the heat-treated,
aged, and stabilized condition., The effect of quenching ‘from the
‘solution-treating temperature appears to be quite variasble. When data
on specimens from the same heat are compared, quenching appears to be
fairly beneficial on this alloy.

(7) Relatively few data are available on the rolled sheet, but
obviously the creep resistance of the sheet is substantially inferior
to that of the extruded material. The sheet in the aged .condition is
markedly inferior to that in the heat-treated, aged, and stabilized
condition.

In addition to the above studies on the effects of heat treatment,
a series of alloys containing approximately 1.7 percent manganese and .
0 to 6 percent cerium was tested in the annealed, the heat-treated, aged,
and stabilized, and the heat-treated, quenched, aged, and stabilized
‘conditions, ' '

The effect of annealing on the creep resistance of a series of
alloys containing various amounts of cerium is shown in table 2. It
seems evident from these data that any treatment which tends to precipi-
tate and coagulate the phase which was once in solution has a very
adverse effect upon the creep rate. On the other hand, solution-treating,
aging, and stabilizing the extruded material produce substantially better
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creep resistance than aging and stabilizing alone (table 7). Thus, the
solution of the soluble phase appears to be beneficial, even though it
must be precipitated in a fairly fine state of division during the aging
and stabilizing treatments.

Figure 6 shows the time-deformation curves for the O- to 6-percent-
cerium series in the heat-treated, aged, and stabilized condition, while
figure 7 shows a similar set of curves for the same series in the heat-
treated, quenched, aged, and stabilized condition. A comparison of
figures 6 and 7 and the data graphically represented by figures 20 to 22
- shows some remarkable effects as follows:

(1) In the heat-treated, aged, and stabilized condition, the
O-percent-cerium alloy, namely, Ml alloy, has the poorest resistance to
creep, but in the heat-treated, quenched, aged, and stabilized condition,
the MLl alloy has the best resistance to creep although there is a
tendency to enter third-stage creep at a fairly early period. Since
this result was obtained on duplicate heats, the remarkable effect of
quenching M1 alloy appears to be real. The effect of heat-treating
Ml alloy is shown in detail in figure 20. Obviously, a rapid quench has
a markedly beneficial effect, and annealing from the solution-heat-
treatlng temperature has an exceedlngly harmful effect.

(2 The EM22 alloy appears to be damaged by quenchlng from the
solution temperature. However, this effect, shown in detail by fig-
ure 21, may not be real since a considerable variation in creep some-
times occurs in material from the same heat. It should be noted, however,
that annealing EM22 alloy has a very adverse effect on the creep rate,
as shown by figure 21.

(3) A O-percent-manganese, 2.33-percent-cerium alloy has the best
resistance to creep in the heat-treated, quenched, aged, and stabilized
. condition, the second best in the heat-treated, aged, and stabilized
condition, and the poorest in the annealed condition, as shown by fig-
ure 22. However, it will be observed that all of these specimens,
regardless of heat treatment, have very poor resistance to creep., It
may be concluded, therefore, that cerium glloys in the absence of
manganese have very poor resistance to creep. However, as noted earlier,
the cerium greatly improves the tensile properties at 600° F

(4) The M1 alloy in the heat-treated, quenched, aged, and stabilized
condition has good resistance to creep and very poor tensile properties
(see table 2), whereas the 2-percent-cerium alloy has good tensile
properties and very poor resistance to creep. This forms an outstanding
example of the lack of correlation between tensile properties and creep
" properties., .

'
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The data presented so far definitely indicate that it is mainly
the manganese, and perhaps the cerium in solution at the heat-treating
temperature which has a beneficial effect on the creep properties,
Cerium imparts good tensile properties at 600° F, but it is the manganese
which imparts good creep resistance. It should be noted, however, that
the employment of both cerium and manganese in an alloy makes it possible
to obtain good creep resistance without rapid quenching from the solution
temperature. While these factors certainly are the underlying ones
determining the creep properties of the magnesium-cerium-manganese alloys,
there are many variations from heat to heat and even from one test speci-
men to another from the same heat which .are not easily understood.
Accordingly, further studies were made by the use of metallography,
X-ray diffraction, and the electron microscope. These studies are dis-
cussed in later sections of this report.

Effect of Orientation on Creep Properties of EM22 Sheet

It is quite probable that the crystallographic orientation may have
some influence on creep rate. Thus, the differences in crystallographic
fibering may be one cause of the differences in creep resistance noted
for castings, extrusions, and sheet,

Duplicate specimens parallel to and transverse to the direction of
rolling were tested in creep at 600° F;and a 2000-psi stress with the
following results:

) Property ' . Parallel Transverse
Tensile strength, room temperature, psi 26,550 126,700
Elongation, room temperature, percent 9.8 8
‘Tensile strength, 600° F, psi - 8300 7100
Elongation, 600° F, percent 51 o -
Minimum creep rate, percent/hr 0.0055 0.0065

(Duplicate specimens) 0.0165 0.012
Total deformation in 120 hr, percent 0.75 0.812

- These results indicated relatively little difference in creep
resistance of the parallel and transverse specimens, though some differ-
ence in preferred orientation probably occurred. No further tests were
made; therefore the degree of preferred orientation in the specimens was
not established, '

The path of fracture of magnesium-cerium alloys was not investigated,
- However, this subject was investigated at the Wright-Patterson Air Force
Base and has been described informally to the present authors as follows:
"Briefly, fractures at room temperature and 400°F. were through the
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MgQCe compound. Flow adjacent to the fracture at 6QO°F. fragmented the
MggCe network and fracture was transcrystalline without regard to the
MggCe phase., No difference could be noted between tensile-test fractures
and stress-rupture fractures." Apparently,. this study was on castings
since these magnesium-cerium networks do not occur in forged alloys.

1

Metallographic Examination

The study of the effects of heat treatment and cerium and manganese
contents apparently developed the basic factors determining the creep
properties of magnesium-cerium-manganese alloys. However, many vari-
ations in creep resistance occurred from heat to heat or from specimen
to specimen from the same heat.. These differences in creep resistance
require clarification before all of the factors determining the creep
resistance can be understood. In order that some informstion on this
problem might be obtained, metallographic examination was made of s
large number of specimens, some of which showed various degrees of
resistance to creep as listed in table 8. Specimens were selected
because the differences in creep resistance apparently were the result
of a known difference in composition, heat treatment, or in fabrication.
Other sets of specimens examined metallographically were of similar
compositions but from different heats, and other pairs of specimens
possessed differences in creep even though they were from the same heat
of metsal.

Figures 23 to 32 show photomicrographs of various representative
specimens. From these metallographic studies of the spec1mens listed
in table 8, the following conclusions were drawn:

(1) Cerium has a definite grain—refihing action on the M1 alloy,
but relatively little additional grain-refining action is produced by
increasing the cerium content above 2 or 2.5 percent.

(2) At the heat-treating temperature of 1040° F, the solubility of
cerium in the 1l.7-percent-manganese, magnesium-base alloy appears to be
near 1.3 percent. With greater amounts of cerium, the portion of the
cerium-rich phase not in solution increases in amount

(3) -As shown by flgures 23 and 2h the metallographlc examination
‘has not revealed the cause of the remarkable improvements in creep - -
produced by quenching M1 alloy.

(4) The cause of the very poor creep resistance of the manganese-
free alloys is not apparent in figures 25 and 26.

(5) Flgures 27 to 29 show a-1.34-percent-cerium, 1.56-percent-
manganese alloy in the heat-treated, aged, and stabilized, the heat-

treated, quenched, aged, and staebilized, and the annealed conditions.
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Quite obviously, the coagulation of the alloy rich phase in the annealed
specimen (fig. 29) accounts for its poor creep resistance,

(6) Figures 30 to 32 show EM62 alloy in the heat-treated, aged, and
stabilized, the heat-treated, quenched, aged, and stablllzed and the
annegled condltlons. Again, the annealing treatment has coagulated the
fine structure within the grains and produced low creep resistance. 1In
this instance, the heat-treated, quenched, aged, and stabilized specimen
(fig. 31) possesses the greatest amount of fine structure within the -
grains and has the highest resistance to creep. However, the examination
of many specimens under the microscope did not show a definite corre-
lation between the amount of this fine structure within the magnesium-
grain and the resistance of the specimen to creep.

Siﬁce the conventional metallographic examinations were not very
revealing, they were supplemented with X-ray diffraction and electron-
-microscope studies.

X-Ray Diffraction Studies

Experlmental procedure.- The samples examined by X- -ray diffraction

are listed in table 8. All of these samples are extru81ons, except for
the cast bar. Samples of *‘he creep test bars for phase identification
were obtained from the test section of the bars by filing a cross sec-
tion. This procedure should obtain filings of a representative part of
the cross section, including material from the center as well as from
the periphery of the sample tested in creep. Samplings of the grip ends
were not taken,

Diffraction photograms of the filings were found to show dlffractldn
patterns of the extra phases as well as of the matrix magnesium terminal
solid solution.

Attempts were made to dissolve the matrix metal phase and collect

. residues of the intermetallic compounds in the alloys. One test was
made by using a Grignard reagent on the cast bar, AUIT5-Al. A few
extractions were made using ammonium-chloride solutions of either two

or four times normal strength, because it is known that magnesium
dissolves in ammonium salts even though they are not highly acidic. Low
acidity is desirable to reduce the possible rate of attack on metallic
phases other than the matrix. '

The diffraction photograms of the Grignard residue showed only
reflections that were observed in the filings of some of the .alloys, but
the photograms were so weak that it was concluded that a large portion
of the residue was amorphous. It is believed that the amorphous material
may have been a product of a reaction between the residue and the ether



NACA TN 2325 . ‘ 25

‘'vehicle, The ether should have been replaced immediately after the
Grignard treatment with a more inert organic solvent. '

The first test of ammonium chloride as a means of producing an
extraction residue was a rough one in which ammonium chloride of about
twice normal strength was used and the dissolution of the sample was
allowed to go on for only a short time, A small amount of black residue
became separated from the sample in the solution. This residue was
washed by decantation and dried with alcohol. The X-ray diffraction
photogram was nearly similar to that from the Grignard extraction, but
included a pattern which could be interpreted as a slightly expanded"
face-centered-cubic cerium dioxide. Hence, it was feared that some
oxidation had occurred in the extraction procedure,

However, the use of the ammonium chloride of four times normal
strength was tried again on the Ml alloy, specimen A5257-X5, for a short-
time partial extraction; beta manganese was definitely detected in the
diffraction photogram along with a moderate amount of some other material.
The pattern was slightly spotty, indicating fairly coarse particles that
could not have been formed by electrochemical deposition. Comparison of .
this photogram with those of the Grignard extraction and the concentrated
ammonium-chloride extraction of the cast EM22 -alloy then confirmed the
presence of beta manganese in the ternaries. Examination of the various
photograms of the filings indicated that .beta manganese is present ‘in
- at least some of the ternaries, but not all patterns were intense enough
to show more than the strongest reflection of this phase. It was con-
cluded that satisfactory extractions of metallic constituents in these
alloys can be obtained, in some instances at least, by short-time
dissolution in concentrated ammonium chloride, but not by long-time
dissolution in dilute solutions. A continuation of the extractions on
-other samples and further improvement of the procedure would be very
desirable,.

Results of phase-identification work.- Satisfactory X-ray diffrac-
tion photograms showing extra reflections not belonging to the magnesium-
rich terminal solid solution can be obtained from all the heat-treated
- alloys of the group studied. The reflections of the magnesium terminal
solid solution are sharp, even in the back—reflectlon direction,

Compounds contalnlng the alloy elements are susceptible to easy
detection because both cerium and manganese are of considerably higher
atomic number than magnesium and, therefore, tend to produce diffraction
patterns which are relatively intense compared to the actual proportion
. of the compound rhase present. :

An attempt was made to identify each phase which appeared in the
photograms of the filings. To facilitate this identification, the
literature was searched for X-ray and constitution data on magnesium-
manganese, magnesium-cerium, and manganese-cerium compounds. The
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literature shows no evidence of magnesium-manganese compounds, but
satisfactory X-ray data on the allotropic forms of manganese are avail-
able. Beta manganese was definitely detected in many of the alloys,
while in others, the patterns were not intense enough to determine
whether the phase was alpha or beta manganese, There is evidence that
alpha manganese may be present in some specimens,

A standard pattern of the magnesium-cerium compound MgCe is avail-
able which shows the phase to be simple cubic with a lattice constant
of 3.898 A. The compound Mg3Ce is reported to be face-centered cubic
with a lattice constant of .7.37 A. The magnesium-cerium alloy con-
taining 35 percent cerium (actually, 35 percent misch metal) should be
8.6 atomic percent cerium, which composition lies close to MggCe in the

Mg + MggCe field. In addition to a weak pattern of terminal magnesium
phase, a strong diffraction pattern was obtained from this alloy, which
was neither that of MgCe nor Mg3Ce. This pattern is assumed to be that
of MggCe. The Y-phase, observed in some of the ternary alloys, has been
tentatively identified as MggCe.

No data on the manganese-cerium system were located.,

It would be expected that the intermetallic compounds of the other
rare-earth elements in the misch metal would be isomorphous with cerium
compounds and form the same compounds as cerium. If not, the -cerium,
compounds might take the other rare-earth elements in solid solution,

The magnesium-cerium and magnesium-lanthanum constitution diagrams have
the same compounds but lack the magnesium-praseodymium Mg9Pr phase. The

compounds‘Mg3Ce, Mg3La, and Mg3Pr are isomdrphous and have nearly the
same cell size. The same relation exists between the compounds MgCe
and MgPr. - :

In a few instances, ferritic iron and, in two instances, austenitic
iron were detected in the filings. These phases were undoubtedly brought
into the samples during filing, though this does not usually occur in
filing magnesium,

~ The results of the phase-identification studies are listed in
table 9.

Manganese is present in the form of the terminal solid solution of
beta manganese in all the ternary alloys. Enough magnesium or cerium
must be dissolved in this phase in some instances to mske it stable at
lower temperatures. In other alloys, alpha manganese may be present.

The X-phase, which appears to be face-centered cubic with a lattice
constant of 5.50 to 5.60 A, is found in all the ternary alloys except
specimen A4975-X8 (EM22), which is annealed. Its absence in this sample
is associated with very poor creep properties. It was not detected in
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the cast bar AU9T5-A1 (EM22 - HTAS2), except near the center. These two
facts indicate that it is affected by heat treatment and cooling rate

in the casting. However, if it is truly face-centered cubic with such

a low lattice constant, it cannot be an intermetallic compound among
magnesium, cerium, and manganese, but may be a chemical compound con-
taining some small atoms such as oxygen, nitrogen, and carbon. The
lattice constant of face-centered-cubic cerium oxide is 5.40 A. However,
if X-phase is not cubic with the 5.50 to 5.60 A lattice constant; but
merely appears to be, it could be a true intermetallic compound of the.
principal elements in the alloy - possibly a ternary compound.

It is practically certain that Y-phase is the compound known
as MggCe, for the reflections which are used to detect Y-phase in the
photogram of the ternary alloys are also present in the photogram of
the alloy made up to have a composition of 8.6 atomic percent cerium.
The strongest reflections of the MggCe phase are, unfortunately, masked
in the ternary alloys by the rest of the photogram, making positive
identification difficult.

It is possible that MggCe is simple cubic with a lattice constant
of 7.30 A, for such reflections, together with a few others, appear in
the photogram, but other reflections appear which indicate it is not
cubic. This pseudolattice constant compares with a lattice constant
of 7.37 A for MggCe, which is face-centered cubic. This relationship
indicates some similarity between MggCe and Mg3Ce.

Discussion of the X-ray data.- The slight diffusing of the beta-
manganese pattern in the heat-treated, quenched, aged, and stabilized
- bar of the Ml binary indicates that the particle size of this phase in
the heat-treated, quenched, aged, and stabilized treatment is smaller
than in the unquenched sample. Small particle sizes .of beta manganese
also occurred in the magnesium-cerium-manganese ternaries, speci-
mens AL9T5-X6 (EM22 - HTQAS3); AU931-X7 (EMU2 - HTAS); and AL9TL-X5 (EMhe -
HTAS). The minimum creep rates of the specimens were 0,0035, O, OOlh
and 0.0034 percent per hour, respectively, and all represent fairly
typical values for these alloys.

The absence of X-phase in the annealed EM22 bar, AL975-X8, is
associated with the very high creep rate. The sharpness of the pattern
of this phase does not appear to be dlrectly related to creep rate.

In several instances, the presence of a substantial intensity in
the pattern of Y-phase is associated with poor creep rates. A compari-
son of the two supposedly identical-bars of AU931-X1 and -X7 (EML2 -
HTAS) indicates that the bar having the poorer creep rate shows a Y-phase

2Heat-treated, aged, and stabilized.
3Heat-treated, quenched, aged, and stabilized.

Y
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pattern of considerably higher intensity. The bar of A4L975-X5 (EMP2 -
HTAS), which had a low creep rate, showed only a trace of Y-phase,
whereas the bars of the same heat in the heat-treated, quenched, aged,
and stabilized and the annealed conditions showed substantial amounts
of Y-phase. Bar AUBL9-X5 (EM22 - HTAS), which exhibited a high creep
rate, also shows Y-phase in substantial amounts.

The correlation of poor creep rate with Y-phase fails, however, in
bar AU9TL-X6 (EML2 - HTQAS), which has good creep rate despite a sub-
stantial amount of Y-phase. Here a diffuse pattern of X-phase occurs, .
whereas a sharp pattern is found in the air-cooled bar, A49TL-X5 (EMhE -
HTAS), which exhibited a higher creep rate.

The nickel-bearing bar, A4U9T6-X5, of low creep rate
(0.00025 percent/hr) also showed a very weak X-ray pattern of Y-phase.
The apparent tendency of Y-phase to be associated with high creep rates,
however, may indicate that this phase is important in some as yet
unknown manner., One should expect the distribution and mode of occur-
rence of a phase to be more important than the quantity present. In
fact the large Y-phase particles, as shown by the photomicrographs
(flgs. 25 to 32) have little effect on the creep resistance, and may
even be harmful. However, the above clues may serve as a basis for
profitable optical- and electron-microscope study of these alloys in
the future.

The cast bar, A49T75-A1 (EM22 - HTAS), is quite different from the
extruded specimens. The diffraction pattern of the matrix phase from
the bulk of this bar is difficult to interpret. It appears to indicate
both shrinkage and expansion of the magnesium 1att1ce due to coring by
the manganese and cerium additions, respectively. The center of the
bar doces not show this effect and exhibits an intense X-phase pattern
in addition to the matrix.

The material in rellef next to the grain boundaries in the electron
micrographs of ALBLO-X5 (EM22 - HTAS), AL9T5-X6 (EM22 - HTQAS), and
AL9T75-X8 (EM22 - annealed) may be Y-phase. This grain-boundary phase
was not observed in electron micrographs of A4Y9T5-X5 (EM22 - HTAS) which
had the lowest minimum creep rate of these four specimens. Little, if
any, Y-phase was observed in this specimen by X-rays. Grain-boundary
precipitation has been found in at least one other alloy system (refer-
ence T) to be apparently associated with increased creep rate.

Electron Microstructure of Magnesium Alloys

Containing Cerium and Manganese

The study of the microstructure of magnesium alloys using the
electron microscope is quite difficult. Magnesium is very difficult to
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polish for ordinary metallographic examination, and this difficulty is
magnified when the specimen is to be studied in the electron microscope.
Rough polishing followed by deep etching is a possible technique, but it
is apt to obscure fine detail, especially that of fine particles of a
second phase such as are present in age-hardened material. Therefore,

the etching and replica technique recommended by Heidenreich (reference 8)
for magnesium alloys was not used.

When replicas of lightly etched surfaces are to be made, two major
problems arise. The disturbed metal resulting from polishing must be
removed, and the formation of surface films which are not uniform and
closely adherent must be prevented.

Repeated polishing and etching is the best way to eliminate the
effects of disturbed metal. This process must be continued until repli-
cas taken from the etched surface show a constant structure. Since the
preparation of a single sample for electron microscopy requires consider-
able time, polishing and etching ‘to obtain a constant structure is a
long process. In this work, all samples were polished and etched at
least six times, and the structures appearing in the resulting micro-
graphs appear constant and reproducible.

Because magnesium is so susceptible to attack by the etchant, it
is very difficult to devise an etching technique which will reveal the
structure within a grain of the alloy without leaving a corrosion film.
Various techniques have been tried and the one which was finally used
‘was not entirely satisfactory. The etching bath consisted of 60 parts
of ethylene glycol and 20 parts of acetic acid. The sample was etched
for 30 seconds, then rinsed in absolute alcohol, then in ethylene
dichloride, and finally in a solution of 2 percent Formvar in ethylene
dichloride. During this process, the sample was never exposed to air
or allowed to become dry. The Formvar solution was then allowed to dry
s0 that the sample was protected by a thin film of plastic. This thin
film was.stripped from the sample, using Scotch tape. The sample was
then quickly covered with a O.l4-percent solution of Formvar in ethylene
dichloride and dried under a heat. lamp with the polished face held
vertical. This replica was backed with Zapon and stripped from the
sample. The Zapon was removed from the replica by dissolving it in amyl
acetate, a solvent whlch does not attack Formvar.

Because there was not tlme to examine all of the specimens, five
were chosen for study. Four of these samples, A49T75-A1, -X5, -X6, and
-X8 (cast EMP2 - HTAS and extruded EM22 - HTAS, HTQAS, and annealed,
respectively), were from the same heat. Because of the methods of fabrl—
cation and heat treatments used, this set of specimens exhibited widely
varying creep properties ranging from the best to the poorest. The other
specimen, A4BL9-X5 (EM22 - HTAS), had a slightly different composition
and had intermediate creep properties. :
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Some results from this study are shown in figures 33 to 38,_which
show samples having identical composition, with the exception of speci-
men A5107 in figure 35 which was used to establish a base line for
comparison with the magnesium-cerium alloys. .

All of the samples shown in these figures have at least two easily
distinguishable phases., The matrix is apparently the terminal magnesium-
rich solid solution. The phase which is found along the grain boundaries
and sometimes within the grain is not yet identified, -although, 'as indi-
cated below, it may be the Y-phase or MggCe. It has a characteristic
nodular appearance. Other phases which are shown to be present by X-ray
diffraction data cannot be positively identified in the electron micro-~
graphs. The appearance of the grain boundaries does change slightly
when one compares the alloy with the best creep properties with the
alloy having poor creep properties, In the samples shown in figures 36
and 37, there is a constituent parallel to the grain boundary which does
not etch so fast as the rest of the grain. The presence of this consti-
tuent seems to correlate with the presence of Y-phase as shown by X-ray
diffraction. This slow-etching phase does not appear at the grain
boundaries in figures 33 and 34, specimen AUYT5-A1 (cast EM22 - HTAS),
in which little or no Y-phase was detected, nor was it found in electron -
micrographs of specimen A4975-X5 (extruded EM22 - HTAS), but was seen
msmdmnMQBJ6wnm®dmm2-M%$.

Slip lines can be seen in some of the stressed specimens; they are
especially prominent in figure 34k, One micrograph in figure 38 shows
numerous shallow pits where platelike particles may havs been etched out,

Comparison of Results of X-Ray Diffréctiou and
Electron-Microscope Examination

According to the X-ray results from the study of magnesium-base
alloys, definite changes in constitution of the alloys occur with vari-
ation in heat treatment. Beta manganese (and, possibly, also alpha
manganese) is present in these alloys, but its existence does not corre-
late with the creep properties. Unfortunately, attempts to detect it
in the manganese binary alloys by the use of the electron microscope
were unsuccessful. This is, however, believed to be only a question of
téchniques, since it has been shown by previous workers to exist as
pPlatelets in the matrix grains. It is possible that the Platelike parti-
cles in figure 38 may be the manganese phase.

The Y~phase, tentatively identified as‘Mg9Ce, appears in a cerium-

binary alloy and in several of the ternaries. There is conflicting
evidence as to correlation of the presence of Y-phase with creep proper-
ties, but the trend is that Y-phase is detrimental.- The grain-boundary
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phase appearing as small slow-etching particles in the electron micro--
graphs of the magnesium, 2,3-percent-cerium binary (fig. 35) may be
Y-phase. The large particles of Y-phase, found in the light micrographs
of this sample, were not recorded in the electron micrographs. The
large mottled nodules appearing in the grain boundaries in figures 33,
34, 36, and 38 are probably not Y-phase.

The X-phase is not identified, but it is associated with the pres-
ence of cerium. This is probably not MgCe or.Mg3Ce, and may be an
unknown ternary compound. There is evidence that X-phase disappears, as
Y-phase increases. The X-phase has not been positively identified in
the electron micrographs, but may be the mottled nodular material.

There is some evidence that the precipitation of Y-phase is detected
in the electron micrographs in the regions along the edges of the grain
boundaries where etch attack is less rapid. This effect is seen in
figures 36 and 37 as a bright outline around the grain boundaries;
Y-phase was present in this sample. The Y-phase in the cerium-binary
alloy, seen in relief in figure 35, is also characterized by slow etching.

The scope of these fundamental studies is of a preliminary nature -
only. It is.obviously necessary to identify X-phase and to determine its
significance as a factor affecting the creep rate. The potential value
of the electron microscope is demonstrated in the accompanying micro-
graphs, even though they represent a rather undeveloped technique employed
only to survey the field. The etching technique requires careful atten-
tion to bring out more detail. In most cases, for example, little detail
in the structure of the matrix grains was developed by the etchant used.
It is possible that precipitation from the matrix is an important factor
with respect to creep, and it should certainly be possible to show this
with other etchants. The replica technique used was chosen primarily
for speed and simplicity.. Other methods are commonly used which have
been shown to reveal considerably more detail with higher resolution.

SUmARY OF RESULTS

An investigation 'of magnesium-cerium alloys was made to develop
improved alloys and to study the correlation of alloy composition and
structure with the resistance to creep. The results of this investi-
gation may be summarized as follows: :

1. The alloy-development phase of the project was brought to a
logical conclusion and no further alloy development appears to be
necessary. The nominal composition of the recommended alloy is
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Manganese 1.7 percent
Cerium 2 percent
Nickel 0.25 percent
-Magnesium  Balance

This alloy should be solution-heat-treated at 1040° F. In the experi-
mental work, the alloys were heat-treated 24 hours at 1040° F, air-cooled,
and then aged 16 hours at 400° F.

2. At 600° F this alloy had a yield strength and ultimate strength
about 20 percent higher than those of EM22 alloy and time-deformation
,curves developed for these two alloys at 600° F and at 1300-, 2000-, and
2500-psi stresses indicate that the creep resistance of the recommended
alloy is substantially better. Forging and hot-rolling tests indicated
that the hot-working characteristics of the new alloy would be reasonably
satisfactory but that the alloy would be slightly more difficult to
hot-work than EM22,

. 3. Considerable progress was made on correlating the composition-
and structure with the creep properties of the alloy. Although cerium
was necessary to provide high tensile properties at 600° F, manganese
appeared to be the more useful in imparting high resistance to creep in
the magnesium-cerium-manganese ternary alloys at 600° F. Only those
alloy constituents which were in solution appeared to be effective in
improving the creep resistance of the material. It was found that with
O percent cerium good creep properties could be obtained only by quenching
from the solution-heat-treating temperature, but with 2. percent cerium
good creep resistance could be obtained by air-cooling from the heat-
treating temperature.

L, Substantial differences in creep resistance were produced as s
result-of differences in heat treatment, composition, or fabricating
technique, or as a result of uncontrolled differences from heat to heat
of similar compositions and from specimen to specimen from the same
heat of material. For the most part, metallographic examination at
magnifications up to 500X did not reveal the structural differences
which must necessarily account for such differences in creep resistance.
The X-ray diffraction and electron-microscope examinations showed that ‘
the structure of the alloys is quite complex. Inlgeneral,'fine parti-
cles as revealed by diffused diffraction lines were generally associated.
with good creep resistance,

5. Alpha and beta manganese as well as one unknown constituent were

. noted. There was some evidence that coarse particles of another Phase,

tentatively identified as the magnesium-cerium compound Mggce, had a
slightly harmful effect on creep resistance.

Battelle Memorial Institute
Columbus, Ohio, July 18, 1949
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Figure 1.- Battelle creep or stress-rupture units.
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Figure 8,- Effect of cerium on time required to produce 0.1-,0.2-,0.5-,

1.0-,

2.0-, and 5.0-pércent deformation in an extruded magnesium-base alloy

containing 1.6 to 1.9 percent manganese.

Specimens tested in heat-treated,

aged, and stabilized cond1t1on for 244 to 621 hours at 600° F under a

2000-psi stress.
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Specimens tested in heat-treated, aged, and stabilized condition
for 244 to 621 hours at 600° F under a 2000-p51 stress.
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40 x 103 I I __ I
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Figure 12.- Effect of temperature on tensile properties of extruded EM22 alloy
and experimental alloy containing nickel. Specimens tested in heat-treated
and aged condition at room temperature and in heat-treated, aged, and
stabilized condition at elevated temperatures. Numbers by test points
indicate number of heats tested.
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Figure 18.- Photomicrograph of experimental alloy of optimum composition
(2.23 percent cerium, 1.90 percent manganese, and 0.31 percent nickel) in
heat-treated, aged, and stabilized condition at a magmflcatlon of 250X.
Heat, A49’76-X5 heat-treating temperature, 1040° F; minimum creep rate
at 600O F and a 2000 -psi stress, 0.00025 percent per hour; deformation in

120 hours, 0.110 percent; duratlon of test, 287.0 hours; total deformation,
0.167 percent.

Figure 19.- Photomicrograph of experimental alloy of optimum composition
(2.23 percent cerium, 1.90 percent manganese, and 0.31 percent nickel) in
heat-treated, aged, and stabilized condition at a magnification of 250X.
Heat, A49'76-X’7 heat-treating temperature, 1000° F; minimum creep rate
at 6000 F and a 2000 -psi stress, 0.0015 percent per hour deformation in

120 hours, 0.262 percent; duration of test, 284.3 hours; tota.l deformation,
0.635 percent.
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Figure 23.- Photomicrograph of M1 alloy (O percent cerium and 1.80 percent
manganese) in heat-treated, aged, and stabilized condition at a magnification
of 250X, Heat, A4993-X5; minimum creep rate at 600° F and a 2000-psi
stress, 0.0046 percent per hour; deformation in 120 hours, 0.680 percent;
duration of test, 244 hours; final total deformation, 7.65 percent. (Shows a
single phase - coarse grain. Manganese phase is not shown.)

Figure 24.- Photomicrograph of M1 alloy (0 percent cerium and 1.80 percent
manganese) in heat-treated, quenched, aged, and stabilized condition at a
magnification of 250X, Heat, A4993-X6; minimum creep rate at 600° F and
a 2000-psi stress, 0.0003 percent per hour; deformation in 120 hours,
0.090 percent; duration of test, 607 hours; final total deformation,

0.281 percent, (Similar to fig. 23. The cause of better creep resistance is
probably a finer distribution of the manganese phase, but this is not
revealed by metallography up to 500X.)
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Figure 25.- Photomicrograph of an alloy containing 2,33 percent cerium and
0 percent manganese in heat-treated, aged, and stabilized condition at a
magnification of 250X. Heat, A5107-X5; minimum creep rate at 600° F and
a 2000-psi stress, very high; duration of test, 52 hours; final total defor-
mation, 8.68 percent. (Shows equiaxed magnesium-rich grains and small
particles of cerium-rich phase in a manganese -free alloy.)

Figure 26.- Photomicrograph of an alloy containing 2.33 percent cerium and
0 percent manganese in heat-treated, quenched, aged, and stabilized condition
at a magnification of 250X. Heat, A5107-X7; minimum creep rate at 600° F
and a 2000-psi stress, very high; duration of test, 52 hours; final total
deformation, 8.32 percent. (Similar to fig. 25. Both specimens have very
poor creep resistance. The quench has produced no noticeable effect.)
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Figure 27.- Photomicrograph of an alloy containing 1.34 percent cerium and
1.56 percent manganese in heat-treated, aged, and stabilized condition at a
magnification of 250X. Heat, A5110-X5; minimum creep rate at 600° F
and a 2000-psi stress, 0.0014 percent per hour; deformation in 120 hours,
0.303 percent; duration of test, 597 hours; final total deformation,

1.05 percent. (Shows small particles of cerium-rich phase.)

Figure 28.- Photomicrograph of an al'oy containing 1.34 percent cerium and
1.56 percent manganese in heat-treated, quenched, aged, and stabilized
condition at a magnification of 250X. Heat, A5110-X7; minimum creep
rate at 600° F and a 2000 -psi stress, 0.001 percent per hour; deformation
in 120 hours, 0.375 percent; duration of test, 599 hours; final total
deformation, 0.952 percent. (Similar to fig. 27. Fine structure within
the grain is more pronounced. Creep properties are similar to those of
specimen in fig. 27.)
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TR

Figure 29.- Photomicrograph of an alloy containing 1.34 percent cerium and
1.56 percent manganese in annealed condition at a magnification of 250X,
Heat, A5110-X9; minimum ecreep rate at 600° F and a 2000 -psi stress,
0.057 percent per hour; deformation in 120 hours, 7.50 percent; duration of
test, 152 hours; final total deformation, 9.92 percent. (Soluble material is
precipitated; presumably the manganese-rich phase is also precipitated.
Poor creep resistance.)

Figure 30.- Photomicrograph of EM62 alloy (6.01 percent cerium and 1.81
percent manganese) in heat-treated, aged, and stabilized condition at a
magnification of 250X. Heat, A4973-X5; minimum creep rate at 600° F and
a 2000 -psi stress, 0.0020 percent per hour; deformation in 120 hours,
0.504 percent; duration of test, 360 hours; final total deformation,

1.563 percent. (Shows large amount of undissolved cerium-rich phase.)
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Figure 31.- Photomicrograph of EM62 alloy (6.01 percent cerium and
1.81 percent manganese) in heat-treated, quenched, aged, and stabilized
condition at a magnification of 250X. Heat, A4973-X6; minimum creep
rate at 600° F and a 2000-psi stress, 0.00043 percent per hour; defor-
mation in 120 hours, 0.230 percent; duration of test, 594 hours; final
total deformation, 0.445 percent. (Similar to fig. 30. Fine structure
is more pronounced. Creep resistance is better.)

Figure 32.- Photomicrograph of EM62 alloy (6.01 percent cerium and
1.81 percent manganese) in annealed condition at a magnification of 250X,
Heat, A4973-X8; minimum creep rate at 600° F and a 2000-psi stress,
0.077 percent per hour; deformation in 120 hours, 9.00 percent; duration
of test, 126 hours; final total deformation, 9.96 percent. (Presumably,
the soluble phase indicating the manganese has coagulated. Poor
resistance to creep.)
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Figure 33.- Electron micrographs of cast EM22 alloy (2.41 percent cerium
and 1.90 percent manganese) in heat-treated, aged, and stabilized con-
dition at a magnification of 5000X. Specimen, A4975-Al; minimum creep
rate at 600° F and a 2000-psi stress, 0.00015 percent per hour; defor-
mation in 120 hours, 0.080 percent; duration of test, 307 hours; final
total deformation, 0.133 percent. (Sample was cut from unstressed
portion of creep test specimen.)

Figure 34.- Electron micrographs of cast EM22 alloy (2.41 percent cerium and
1.90 percent manganese) in heat-treated, aged, and stabilized condition at a
magnification of 5000X. Specimen, A4975-A1; minimum creep rate at 600° F
and a 2000-psi stress, 0,00015 percent per hour; deformation in 120 hours ’
0.080 percent; duration of test, 307 hours; final total deformation,

0.133 percent. (Sample was cut from stressed portion of creep test
specimen.)
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Figure 35.~ Electron micrographs of an extruded alloy containing 2.33 percent
cerium and O percent manganese in heat-treated, aged, and stabilized
condition at a magnification of 5000X. Specimen, A5107. (This sample
was not tested in creep; it was used to establish a base line for comparison
with the cerium-manganese alloys. Specimen A5107-X5, which was tested
in creep, is a duplicate of this bar.)

Figure 36.- Electron micrographs of extruded EM22 alloy (2.41 percent cerium
and 1.90 percent manganese) in annealed condition at a magnification of
5000X. Specimen, A4975-X8; minimum creep rate at 600° F and a 2000-psi
stress, 0.175 percent per hour; duration of test, 51 hours; final total defor-
mation, 11.04 percent. (Sample was taken from unstressed portion of creep

test specimen.)

Figure 37.- Electron micrographs of extruded EM22 alloy (2.41 percent cerium
and 1.90 percent manganese) in annealed condition at a magnification of
5000X. Specimen, A4975-X8; minimum creep rate at 600° F and a 2000-psi
stress, 0.175 percent per hour; duration of test, 51 hours; final total defor-
mation, 11.04 percent, (Sample was taken from stressed portion of creep
test specimen.)
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Figure 38.- Electron micrographs of extruded EM22 alloy (2.41 percent cerium
and 1.90 percent manganese in annealed condition at a magnification of
5000X, Specimen, A4975-X8; minimum creep rate at 600° F and a 2000 -psi
stress, 0.175 percent per hour; duration of test, 51 hours; final total defor-
mation, 11.04 percent. (Sample was taken from unstressed portion of creep
test specimen. These micrographs are similar to those in fig. 36, except
that they were taken from other fields.)
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