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ABSTRACT

Four alloys, with compositions near Cuznnﬁa. were heat
treated and magnetic measurements were obbained on a ferro-
magnetic torsion balance, The specimens were also examined
microscopically to observe the structure.

Using the expér!mental results as obtained an attempt
was made to construct a magnetic contour map for the area
adjacent to the CuZHnGa alloy. It is belleved that such a
map may help in future work on the Cu~Mn-Ga system,



INTRODUCTION

In 1898, F. Heusler discovered ferromagnetic properties
in certain Cu-Mn-Al and Cu-Mn-Sn alloys, O, Heusler found
that the ferromagnetic alloys in the Cu-Mn-Al system were
due to a ternary beta phase having a body-centered cubiec
structure, In the Cu-Mn-Al system, the strongest ferromag-
netism was found to occur in the alloy CuaunAl. Hagnetic
alloys, composed of non-magnetiec constituents, are thus
called Heusler alloys. It was found that other ferromagnetic
alloys could be produced by replacing the Cu with Ag, or by
replacing the Al with Sn, As, B, Bi, Sb, or Zn,

Hames (1,2) and Eppelsheimer (1) showed the presence of
Terromagnetic alloys in the Cu-Mn-In and Cu-Mn-Ga systems, in
alloys with compositions near Cuaunln and CuolMnGa, The
ferromagnetism in the Cu-Mn-In system was due to a ternary
beta phase, Hames found that the alloy Cuzmnﬁa wa s only
feebly magnetic; and was unable to determine the crystal
structure, The ferromagnetism in the Cu=Mn-Zn system was
also due to a ternary beta phase,

Earlier work by Hames (2) and Auberlinder (3) has shown
that the Cu-Mn-Ga system contains a ferromagnetic phase,
This is reasonable since gallium and aluminum are found in
the same group in the periodic chart., The information
Auberlinder obtained from X ray studies indicates that the
crystal structure of cu6HnGa2 was very close to an ideal
hexagonal close packed, The crystal structure showed some
slight irregularities which Auberlinder "attributed to the

formation of precipitates of the same erystallographic



system",

Hames found tyo alloys, 62 and G3 (Table I), which were
magnetic after proper heat tragtment. The magnetic alloys
had an acicular structure resembling martensite.

TABLE I
COMPOSITIONS OF HAMES' ALLOYS
Atomic Per Cent

62 03
Cu I TRt ] I
Mn 15,1 : 18,5
Ga 2205 ‘ 230 9

Auberlinder (3) found that three alloys, Resignated la,
6a, and 12 (Table II), were ferromagnetice

TABLE II
COMPOSITION OF AUBERLINDER'S ALLOYS
Atomic Per Cent

la 6a 12
Cu 65.4 T1l.5 66,85
Mn 11.5 7+1 11,00
Ga 23,1 21.l 22,15

Auberlinder performed most of his work on alloy number 12,
His work included the bracketing of the annealing temperature
at which a change in the magnetic properties occurs, He
found three distinct temperature ranges in which the magnetic

properties and microstructures were found to differ,
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The alloys annealed below 575°C were not ferromagnetic, and
had a microstructure composed of a matrix with a fine dis-
persold, The alloys annealed between 575° and 585°C were
ferromagnetic and had a matrix of fairly coarse particle

size., When annealed above 585°C, the alloys were magnetic
and showed a characteristic martensitic structure,
Auberlinder found that those alloys which showed the strongest

ferromagnetism had a martensitic structure,

PURPOSE OF THE INVESTIGATION
The purpose of this lnvesyigation was to further study
ferromagnetic Cu-in-CGa alloys,'and to attpmpt the construction
of a magnetic contour map for alloys with a composition near
Cu,lnGa, The information obtained by Hames and Auberlinder
will be used in this determination,

EXPERIMENTAL METHODS

First, a Cu-Mn binary alloy was prepared. A set of
ternary alloys was then prepared, heat treated in various
ways, and the degree of ferromagnetism determined using a
magnetic torsion balance. Metallographic studies were
carried out on the alloys to show the relationship between
ferromagnetism and structure.

Materials

Copper. The copper used in this investigation was
electrolytic copper. The purity was assumed to be higher
than 99.9 per cent. Before using, the Cu was cleaned by
dipping in 50 per cent nitric acid, rinsing with distilled

water and drying.
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Manganese, The manganese used was a product of the
General Chemical Company, New York, N.Y. The assay of the
manganese 1s shown in Table IIT,

TABLE III
MANGANESE ASSAY
Minimum assay of MM cecsccscssescenses 99.0%
Sulfur compounds (as Squ) sossssensese 0s10%
IMOR ssecesennesvessscocssesacosssvsse 000158
Heavy metals (as Pb) eesecccscscsssess 0,003%

- Heavy metals (as Ni) .......;......... 0.,01%

S10, ccesecncccesssccnsssocnsnnsesanss 0s02%
Alkali & Earth metals (as sulfates) .. 0,03%

Gallium, The gallium was kindly loaned by the Anaconda
Copper Mining Company, Since the Ga had been used by
Auberlinder in his determinations, it was necessary to ree
cover the metal from his scrap, This recovery was accompe
lished using quantitative analysis procedures as outlined
by Seott (4) and Treadwell (5)., The electrolysis was carried
on in a highly basic sodium gallate solution., The electro-
lized gallium served as the cathode, and a platinum plate
served as the anode,

During the electrolysis, the electrolyte was checked
to determine when the electrolysis was complete, This was
accomplished by neutralizing the solution with HCl to pre=
cipitate the Ga as Ga(OH)B. When no precipitate formed the

electrolysis was considered complete.



"G

The purity of the gallium was assumed to be above 99
per cent., Befor using, the gallium was washed in a 10 per
cent solution of HNOB. The washing not only removed some
of the impurities but also helped to coagulate the gallium,

Equipment
Purnaces. Five furnaces were used in this experiment, The

furnace used to melt the alloys was of the gas=-blower type
built by the Denver Fire Clay Company of Denver, Colorado,.
The other four furnaces were used to hea$ the samples,

Three of the four heat treating furnaces were built by
the Hevi Duty Electric Co., Milwaukee, Wis, Two.of these
furnaces were rated at 1);0 watts and controlled by Pyr-0-Vane
controllers built by the Minneapollis-Honeywell Co,., Minnea-
polls, Minn, The third was rated at 5000 watts and eontrolled
by a Wheelco Capacitrol built by the Wheelco Instrument Co.
of Chiecago, Ill,

The fourth furnace, used for heat treatment, was built
by the C, I, Hayes, Ince, Providence, R.I. This furnace is
rated at 7920 watts and controlled by a Wheelco Capacitrol,

Metallographys The photomierographs which appear in
this report were taken on a Reichert Universal Camera Microe
Scope made by C. Reichert, Wien, Austria,

Hagnetic Torsion Balance, Magnetic measurements were
made on a ferromagnetic torsion balance which was designed
and built by Willner (6) and Moen (7)., This apparatus wes
constructed to measure the "specific intensity of magneti-
zation" which is the magnetic moment per gram,

When a ferromagnetic sample is suspened between the

poles of the electromagnet, it 1s acted upon by the magnetiec



field and in turn develops a magnetlc moment., The following
sketch Illustrates how a sample, suspended in the magnetic

fleld of the torsion balance, devslopses a torques

Pole |=£ . Pole

Fige 1 - How Magnetic Forece is Developed on'Sample

To obtain a constant gradient,lthe poles of the electromégnet
were made different sizes, The largser pole has a concavse
face,

The force (f) on a ferromagnetic specimen (s) is
directly proportional to the mass (m) of the speclimen;
the specific intensity of magnetization (&) of the specimen;
the fiold strengh (H) and the rate of variation of magnetic

field strength along the polar axis of the magnet (dH/dX);

f = mOHAH/dX™
The force, which is exerted on the suspended sample, is
determined indirectly by placing a torque in the opposite
direction on the suspension wire, By utilizing a suitable
scaling system, in this case a graduated dial, the restoring

forece can be measured,

This apparatus is capable of making accurate magnetic
measuremsnts; however, the results obtained are not conmpar-

able with the results from another apparatus, because the
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unit is not capable of producing a sufficient high field
strength to insure complete saturation of the specimen,
Therefors, it would not be correct to say that the saturation
Specific intensity of magnetization was measured, The re-
storing force is a measure of the specilic intensity of
magnetization, and must be compared with e standard to obe-
tain an absolute value,

The power pack for the torsion balance burned out ami
was rebullt as shown in Figure 2, The essential difference
in the new power pack is the 15 watt transformer which
Supplies the filaments, of the 5U4 tube, with constant volt-
8gee The transformer should prevent failure of the power
Pack in the future, ‘

Preparation of Alloys
Cogger-gggggggso Binary Alloys, To obtain a material

with a lower melting point than either Cu or Mn, an alloy
of Cu and Mn was first prepared. A known weight of copper
wWas melted in the gas-blower furnace, and a known weight of
manganese was added, This scheme was used to prevent excess
oxidation of the mangenese. The material was melted in a
fire clay crucible obtained from the Denver Fire Clay Co.,
Denver, Colo, There appeared to be little or no reaction
between the alloys and the crucible,

The binary alloy was shotted to make weighing, in the
preparation of the ternary alloys, easier. The binary alloy
thus prepared was intended to be 89 per cent Cu and 10 per
cent Mn, This ratio was selected so that only Ga would have
to be added to produce the first ternary alloy. No analysis
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was performed to determine the exact composition,

 Ternary Alloys. Using the binary alloy prepared above,
four ternary allojs were prepared, The alloy compositions
nre'éhown in Table IV and on Figure III. The alloys of Hames
and Auberlinder alsé appear on Figure III,

 TABLE IV
COMPOSITION OF ALLOYS
This Investigation

Alloy No. Atomle Percenteges
Cu Mn Ga
1 50 25 25
2 60 20 20.
2 70 10 20
b 70 15 15

The alloys were made with these compositions for the
purpose of obtaining data about the area, on the ternary
phase diagrem, adjacent to the alloy CuplnGa, The alloys
Were chosen in this manner to avoid duplication of work
already performed by Hames and Auberlinder,

The first alloy which was prepared was alloy number 3,
A lmown weight of the binary alloy, which was prepared with
the Cu and Mn in the right ratio for alloy 3, was placed in
& fire clay crucible, The Ga was added to the melted binary
and the ternary alloy thus produced was stired by shaking
the crucible and poursd into a graphlite mold (Fig, L),

The sample was not stirred with a rod because possible con-
tanination might occur, 0@ ternary alloys were also melted
in the gas-blower furnace, |
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Figo li - Graphite Mold and Casting
The material to be used for heat treatment and magnetic
measurements was cut from the casting and the remaining mat-
erial was used to make the next alloy, Eleven samples, 1/16
in, in diameter and 1/2 in. dong, were obtained from each alloy,
The excess material from alloy 3 was melted and Mn and Ga
Wwere added to produce alloy l. Again the samples were cut
and the excess material was used to prepare the next alloy,
Alloy 2 was prepared by adding a known weight of Cu
to alloy 1, The samples were cut and the excess material
Was used to prepare alloy L. Alloy L. was prepared by addirg

Cu to alloy 2, The alloys were made in this order to utilize
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the waste material from the previous alloy. The alloys were

not chemically analysed,

Heat Treatment

Heat treatment was carried out on all of the alloys,
The results of heat treatment worked out by Auberlinder
were used to determine the schedule,

The samples were sealed in quartz tube after evacuating
the air with an ordinary water aspirator, An oxygen-gas
burner was used to melt the quartz glass,.

The samples were homogenized before the heat treatment
schedule was started. This was accomplished by placing the
samples in a furnace with the temperature at 600°C, After
2l hours, one of the samples was removed, quenched, polished,
and examined microscopically. Since the sample was not
homogeneoua, the temperature was raised to 700°¢C for 2l hours,
Again a sample was removed and quenched, When examined
under the microscope the samples appeared to be homogeneous,
The remaining samples were then removed from the furnace and
quenched,

Quenching was accomplished by breaking the quartz tube
under water, The severity of this quench is important since
it will in part determine the structure of the alloy. The
samples were again sealed in quartz tube before subsequent
heat treatment was performed,

The samples were heat treated as shown in Table V., The
series letter was assigned for the purpose of sample identi=-

fication, None of the samples melted, but several showed a
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8light superficial oxidation,

TABLE V
ﬁEAT TREATING SCHEDULE
Series Condition Temp, °C Time (hr.) Cooling

A As Cast - s e

B Homo, 600 5 Quench
Y Homo, 600 15 Quench
D Homo, 585 15 Quench
B Homo, 570 15 Quench
r. Homo. 555 15 Quench
G Homo, 750 Iy Quench
H Homo, 700 L Quench
I Homo, 650 N Quench
J Homo 600 N Quench

RESULTS AND DISCUSSION

Magnoetic Measurements, All samples were tested on the
Terromagnetic torsion balance as described in the equipment
Section of this report, The results of these measurements,
as shown in Table VI, are given in units per gram; the unit
being one seale unit on the magnetic torsion balance,

It 1s interesting to note that those specimens which
were heat treated l hours at 650° to 700°C and quenched showed
the greatest amount of magnetism in alloys 1 and 2, Alloys
3 and |} showed the greatest amount of magnetism in the as
cast condition,

Auberlinder found that specimens annealed above 575°C

and quenched were magnetic. The four alloys considered in
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this report were found to be non-magnetic when heat treated
for 15 hours at 585°C, This difference in magnetic proper=
ties may be due t§ a difference in the quenching method, a
difference in the annealing time, or a difference in the alloy
Composition,
TABLE VI
MAGNETIC MEASUREMENTS
Units per gram

Alloy 1 2 3 b
A 0 196,7 Le7 2425
B 0 2elt 0 0
c 0 0 0 0
D 0 0 0 0
B 0 0 0 0
P 0 0 0 0
G 3.2 554 0 0
H 836 I73.7 1 1
I 0 212.9 1.3 0
J 0 0 1 0

Using the magnetic data, as shown in Table VI, a pro-
posed magnetic contour map (Fig, 5) of the area adjacent to
the alloy OuéMnGa was constructed. This map is only an a-
PProximation and should not be considersd accurate, The alloys
of Hames and Auberlinder appear on the map, but were not cone
sldered when drawing the contours because no comparsion was
avaliable for the relative amounts of magnetiam, The heat
treating schedule did not cover all the possible combinations;
therefore, the magnetism as found on the samples is not

Necessarily the sbrongest possible value,
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Matalloggaghx. Metallographic studies were carried out
on the specimens which were heat treated and tested for mage
netic properties. The specimens were mounted in lucite,
polished, and etched with potassium bichromate., The photo-
mierographs (Fig. 6 through Fige 29) were taken on the
Reichert Universal Camera Microscope at a magnification of
X231,

Hames and Auberlinder found that the alloys which were
magnetic showed an acicular structure., The microstructures
of the magnetic speclmens, in this report, do not all have
an aciculapr structure,

Specimens 26, 2I, and 3J (Figse 1y, 16 and 23) have a
structure which is somewhat acicular, Specimen 3J (Fig, 23)
is only slightly acleular; whereas, specimen 2G (Fig. 1l)
shows a typical acicular structure., It is interesting to
note the primary grain boundry in Figure 1llj, Specimen 2I
(Fige 16) has an acicular structure which has a preferred
orientation, These are the only magnetic specimens which
show the acicular structure,

Speeimen 1H (Fig, 9) was the only speciment found with
& structure of this type., This specimen has large areas with
a structure which is nearly acicular dispersed through a
matrix of a fine dispersoid. The alloy has & composition
CujlnGa and 1s slightly magnetic. It is believed that the
somewhat aclcular structure accounts for the slight magnetism
which is found.

Specimens 1G, 2A, 2B, 2H, 3A and 3H (Figs. 8, 12, 13,
15, 18, and 21) are magnetic and have a mosale structure

showing only grain boundries. An acicular structure might
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Fige 6 = Specimen 1 A, As cast, HNot magnetice. X231

Fige 7 = Specimen 1 B, Annealed for 5 hours at 600°C
and quenched at 20°C, HNot magnetiec,

°
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Fige 8 = Specimen 1 G, Annealed for li hours at s
and quenched at 20°C. Slightly Hagnet%c. X231, i

Fige 9 - Specimen 1 H, Annealed for o o
and quenched at 20°C., Slightly magnelgic.“r;zggjoo c
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Fige 10 = Specimen 1 I, Amnealed fopr L hours at 650°¢
and quenched at 20°C, Not magnetic, X231

Fig. 11 - Specimen 1 J, Annealed for l hour

s at 600°%
and quenched at 20°C. Not magnetic, x» 1
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Magnetic. X231

As cﬁﬂto

Fig, 12 - Specimen 2 A,

S hours at 600°C
X231,

Annealed for

Magnetic,

n 2 B,

and quenched at 20°C,

Fig. 13 = Specime



oy

I hours at 750%°%

¢ Annealed for
Magnetic, X231

n2G
Oc.

Fige. 1l = Specime
and quenched at 20

700°%¢

4 hours at

Annealed for
X231

Hagnetiec,

n 2 He

Fig, 15 « Specime
and quenched at 20°C.
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Fige 16 - Specimen 2 I, Annealed for |, hour o
and quenched at 20°C. Magnetic., xzﬁ- s at 650°¢

Fig. 17 - Specimen 2 J. Annealed for l h o
and quenched at 20°C. Not magnetic, %23;?r8 at 600"c
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X231,

Megnetic,

As cast,.

Fig, 18 - Specimen 3 A,

or 5 hours at 600°¢
X231,

Annealed
magnetic,.

3 B.
Ce Not

n
o]

Fige 19 - Specime
and quenched at 20



Fige 20 = Specimen 3 G, Annealed at 750°C for I hours
and quenched at 20°C. Not magnetic., X231,

Fige 21 = Speclimen 3 H, Anmnsaled for li ho o
and quenched at 20°C, Magnetic, x231% urs at 700°¢C



Fige 22 = Specimen 3 I, Annealed for l hours at 65¢°C
and quenched at 20°C. HMagnetice. X231

Fig, 23 - Specimen 3 J. Annealed for l hours at 600°
ang.quenchod at 20°C. Megnetic. X231, c
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X231,

Magnetice

As caste.

Fige 28l = Specimen L A,

hours at 600°C

5
X231,

Annealed fopr
Not magnetic,

i B,
°C.

25 = Specimen

and quenched at 20

Fige



Fig. 26~ Specimen l G, Amnealed for ) hours at 750°¢
and quenched at 20¥Ce Not magnetic, X231

Fige 27 = Specimen li H, Annealed for 4 hours at e
mg.quanched at 20°C. Slightly magnetie. X231. 1908
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Fig, 28 - Specimcn i T. Annealed for l hours at 650°C
and quenched at 20°Cs Not magnetic, X231, :

Fige 29 = Specimen h Jo Annealed for L hours ar 600°¢
and quenched at 20°C, Not magnetic, X231,
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have been found if the annealing temperature were changed,
if the annealing time were changed, or if the quenching
method were changed,

Specimen LA (Fig, 2l) is magnetic and has a structure
which is cored. The cored structure is typical of many cast
alloys, but the structure does not seem to be typical of the
other magnetic specimens,

Specimen 1B,1I, and 1J (Figs, 7, 10, 11) are not mag=
netic and show a structure observed on many of the non-mag-
netic specimens which were not photographed, Auberlinder
found a number of non-magnetic alloys which had a similar
structure, These specimens show & fine two-phase dispersoid
in a continious matrix, ;

All other specimens which are non-magnetic seem to have
one thing in commom: a dispersoid of many fine crystals.,

It is interesting to note that many of the crystals in this
type structure are twinned.

It 1s found, from examination of the photomicrographs,
that all of the magnetic specimens do not have the same type
of structure., It is also noted that bhose specimens which
are non-magnetic have one of iwo types of structure 1) a
dispersoid of fine crystals which have no orientation, or

2) a continious matrix with a fine dispersoid which 1s com=-

posed of two phases.
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CONCLUSIONS

A proposed magnetic contour map (Fig. 5) has been con-
structed from the magnetic data gathered in this report.
This map may be altered when future data is collected; how-
ever, it is belleved that such a map will be helpful in
future study of the Cu-Mn-Ga system,

An acicular structure is found on only three of the
magnetic specimens: 2G, 2I, and 3J. Specimens 1G, 24, 2B,
2H, 3A, and 3H are also magnetic but show no tendency toward
a martensitic structure. The structure of these specimens
is elther one phase showing only grain boundries, or two
phase showing primary gralns with very small precipitates
present,

It was found that the specimené which were non-magnetic
have a structure composed of a fine dispersold in a con-
tinous matrix, Therefore, it is belleved that the structure
of non-magnetic specimens will show & continous phase with
a fine dispersoid; whereas, & magnetic specimen will have
1) an acicular structure 2) one phase showing only grain
boundries, or 3) a structure showing the primary gréins with
very fine precipitates present. The one phase structure 1is
shown clearly in figure 13 Figure 12 shows clearly the
fine precipitates within the grain structure.

It was found that the most magnetism was obtained when
the specimens were annealed between 650° and 700°C followed
by quenching. However, as pointed out on page 13, not all
of the alloys responded to heat treating.
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