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INTRODUCTION

The subject of the thesis was based upon the theory
of precipitation

or age hardening of the copper by the

compound formed by the Manganese and silicon present in
the ternary Cu-Mn-Si alloy.

The effect of the heat treat-

ment to such an alloy was to be studied and the best
aging time and ·temperature was to be determined.
For the study of the problem an· alloy of 5 percent
M28i and balance eu was to be prepared~ cast into a bar~
cut in pieces, cold worked~ annealed at the solid solution
range long enough to bring the compound in solid solution,
quenched and then heat treated at different

temperatures.

The hardness of. the pieces would then be measured and
the results plated in time - temperature

- hardness graphs,

showing the changes in hardness with the temperature and
time of heat treatment~ which is a direct result of the
precipitation

of Mn2 8i.

If time would allow it, alloys with less than 5 per
cent Mn2 8i would be prepared and studied by the same
method.

So there would be results showing the relation

of hardness to the compo~ition

-1-

of the alloy, temperature

and time of heat treatment, e. g. the relation of the
oomposition and heat treatment to the amount of preoipitation of Mn2 Si.
Among the alloys hardenable by thermal treatment
alone is a large group or alloy systems which are subject
to what has rather loosely been called "dispersion-hardening", "precipitation-hardening"

or sometimes merely "age-

.hardening" and which might more generally be oalled
ltsupersaturated-solid-solutlon

hardening."

Age hardening of this sort occurs only in"alloys
of the solid solution type, of which the structural and
phase relations are now fairly well understood.

The

alloy must contain a hardening oonstituent, be it metal
or metallic compound, of which the solubility in the
base alloy at higher temperatures
lower ones.

is greater than at

The solid solution, saturated at higher

temperatures with respect to the hardening constituent
and rapidly cooled or quenched to lower ones, is, at
these temperatures,

8upersated and unstable.

the process of decomposition

During

of this unstable solution,

oocurring gradually at lower or intermediate temperatures,
the alloy age-harden~.
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The significance
hardening

of these supersaturated-solution-

systems lies, first of all, in the fact of

their evident prevalence.

Solid solutions and solid solu-

bility are very common among alloy systems, and in
them deereasing
is the rule.

solubility with decreasing

temperature

Alloy solid solutions may therefore be ex-

pected usually to have these orthodox solubility relations
and eonsequently

to exhibit the age-hardening

phenomena

which are found normally associated with them.
But even more significant

is the fact that, under-

standing the nature and possibilities

of alloy systems

of this common type, we have it reasonably within our
power to render alloy eomposition amenable to age-harden- .
ing by the addition to it of a small amount of some
suitably chosen hardening metal or metallic compound.
We may perhaps fairly say that, theoretically

at least,

we are today in a position to harden any metal or alloy
we please, and in that sense the metallurgist

begins to

exercise some systematic control over the meohanical
properties

of metallic materials.

It is of course that sort of domination
materials which the metallurgist
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over his

is ever seeking.

He

is striving to emulate the builder and the engineer in
the flexibility

of performance

of his creations.
materials

Unfornately

and the diversity of form
he has found his building

-.atoms - most stubborn and inflexible, and

in consequence he has been obliged to discover rather
than to design alloys.
alter systematically

In this new-found ability to

and universally

important set of properties
one of the directions

the values of one

in any alloy, we may see

in which progress is being made

in the rational art of alloy building.
The alloys of copper and silicon were examined
several years ago and their excellant mechanical
were shown.

They became of commercial

the introduction
the alloy.

of manganese

properties

importance with

in small quantities to

Today alloys of commercial

importance, such

as "Everdur", are manufactured.
In the following pages almost a complete information
is to be found concerning the problem.
To the age hardening and slip interference

theory

an entire chapter is devoted.
A complete review of the precious related studies
1s presented in another chapter.
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Following these chapters

is the chapter containing

the statement of method of pro-

cedure and souroes of data.
mentation

To the report of th~ experi-

results another chapter is given.

chapter the Summary of findings,
recommendations

are. stated.
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In the last

the conclusions

and

CHAPTER

I

THE SLIP INTERFERENCE THEORY OF THE
HARDENING OF METALS.
In general, pure metals in their normal oondition
are realtively soft and weak.

They oan be usefully

hardened and strengthened by meohanical work and by
alloying, and their alloys ~an often be further hardened
by heat-treatment.
hardness is:

The most general definition of

resistanoe to permanent deformation.

Metals owe their hardness and strength to the attractive
forces between their atoms.
Metals are crystalline and are built up of atoms
arranged in definite and repeating patterns.

The regu-

larity of atomic arrangement gives rise to oertain planes
of weakness, or low resistance to shearing stress.

When

an external load produces a shearing stress on such a
plane which exoeeds the resistance of the orystal to
shear on that particular plane, fracture of the orystal
takes place.
to each other.

The fragments formed, mayor

may not adhere

If they do not, the failure of the crystal

is complete, and it is said to be brittle.
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The plane

o~ weakness is then known as a cleavage plane.

More

generally, in the useful metals, the crystal fragments
adhere and merely glide or £Islip over each otherfl.
The result of such slip, repeated on many planes,
is a measurable permanent deformation; the crystal is
ductile, and the planes of weakness are called "slip planes".
The resistance to permanent deformation, which is a
general measure of hardness and strength, represents resistance to the beginning and propagation of slip.

Any

thing that serves to hinder slip is a source of strength
and hardness.

-The hardening and strengthening of metals

by any o~ the known methods may be considered as due
principally to 1nterference with slip."(l)
Ductile metals possesses the property of automatically limiting the extent of the movement on any particular
slip plane.

Instead of slip continuing on the first plane

until complete rupture of the piece occurs, the movement comes to a stop after a displacement which is very
small as compared with the dimensions of any metal piece.
The actual displacement may be something on the order
of one twenty-thousandth
diameters.

of an inch, or about 5,000 atoms

The resistance to movement along the first
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slip plane increases, so that slip is forced to take place
on new planes.

According to Jefferies and Archer, the

amorphous metal theory of Beilby gives a oompletely satisfaotory explanation to this theory, the amorphous metal
offering a resistance to further slip which is greater
than that on planes on whioh slip has not yet occurred.
In an aggregate

of many grains of different orientation

when slip takes place in anyone

grain it cannot continue

without change of direction into adjacent grains because,
except in very rare instances, the potential slip planes
of adjacent grains do not register.

The permanent deforma-

tion of the metal is thus resisted at the grains boundartes
by the disregistry of the planes of low cohesion, and
especially in fine grained metals, by the specific hardness of the amorphous cement, which itself is due to the
absence of planes of weakness.

The result is an increase

1n elastic limit, hardness and strength.
The great increase in strength by cold-working can
be due to only one cause -- the coheSion of the metal.
This is accomplished by minimizing the effect of the planes
of weakness resulting from the normal crystalline structure.
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Hardness of Solid Solutions.
It is a general rule that metals are hardened and
strengthened by the addition of elements which dissolve
in them to..
form solid solutions.

In the solid solutions

the atoms of the solute replace those of the solvent without substantial change in the space lattice of the latter.
This conclusion is based upon studies of alloy series in
which the components have similar atomic volumes, and
somewhat different conditions may be obtained when this
criterion is violated.

There is good reason to believe,

however, that in all cases solid solutions are characterized
by the atomic dispersion of their components.
When an inter-metallic compound forms and dissolves
in one of the component metals, it is commonly considered
to go into solution "as such".
But according to Jefferies and Archer the dispersion
of the components in a solid solution is atomic in many
cases, and, probably atomic in all cases.

According to

this view the inter-metallic compound has no existance
except as a crystalline substance, which is not merely
precipitated but formed on the decomposition of the solid
solution.

The increased hardness and strength are
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therefore traceable directly to increased inter-atomic
forces, the attraction between unlike atoms being in
general greater than between like atoms.

We may conceive

an additional mechanical factor in the force of a roughening of the slip planes due to the presenoe of atoms of
unlike size, or, as Bridgman puts it:

itAstaaggered arrange-

ment of the attoms."
The hardening and strengthening effect of grain
refinement and cold-working apply to solid solutions as
well as to pure metals, and are superimposed upon the
hardening effect Qf the solute.
The structural constituents in alloys which possess
the greatest specific hardness and strength are the intermetallic compounds and non-metallic compounds such as
oxides.

In general, these compounds are of a low order of

symmetry, which, together with the large inter-atomio foroes
involved, aocounts for their great hardness.

The atoms

are probably arranged in such a way that those of one
element are not interohangeable with those of another
element.

This would account for their lack of plastiCity.

The inter-metallic compounds are as a rule hard and
brittle, and are too commonly oonsidered to be weak.

-10-

Their true strength, when properly protected against eccentric
loading by their small size and by interbedding in a ductile
matrix is undoubtedly very high.
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Such an alloy in the
rolled or forged condition
annealed at about 5000

{:

and:quenched long enough
posses a certain hardness.
Upon aging a quenched spec~en

Fig.

(1)

at 2000 C, for example,

the hardness first increases to a maximum and afterward
decreases.

During that aging there has been first a forma-

tion of fine nuclei of Cu A12 followed by coalescence of
these particles into ones of larger size. (2)
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There is,

therefore, a certain average size of particle of

eu

A12

for which the hardness of the material is a maximum; atomic
dispersion of the solute, eu Al2, is not the dispersion
that produces the Imximum hardness" but some intermediate
one between it and that at which the particles become
visible by ordinary means.
Fig. (2) shows the effect of particle size and number
on hardening power of a constant amount of hardening constitutent.

Fig.

(Z)

In duralum1n we are dealing with an aggregate composed
of a ductile" relatively weak matrix - aluminum - greatly
strengthened by the presence of small hard disconnected
particles of Cu Al2•

The strength attained in the dura-

lumin must be derived from the inherent cohesion of the
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continuous aluminum matrix.

There is no conceivable way

in which a ~ew per cent by volume o~ a strong constituent
in disconnected particles could impart a new element of
cohesion o~ the magnitude actually obtained.

Their aotion

must oonsist in rendering more effective the cohesion
latent in the aluminum.

The logioal in~erenoe is that

this is aocomplished by the elimination of extended planes
of weakness -- that is, by slip interference.
In Fig. (3) 1s represented a section through a crystal,

the fine parallel lines representing a set o~ planes o~
easy slip.

In order to completely separate the portions

of a crystal on oPPosite sides o~ a plane o~ slip by a
direct tensile pull it would be neoessary to break
simultaneously all the atomic bonds on the plane.

This

would require a force equal to the absolute cohesion of
the metal.

The two portions can move with respect to

each other on the slip plane without permanent rupture
o~ any considerable proportion of the atomic bonds.

O~

oourse, extended slip separates the atoms from their old
neighbors, but cohesion bonds are established with their
new neighbors.

when a crystal is ~ractured in a brittle

manner the work of rupture is a minimum, whereas in a
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ductile fracture the work of rupture is markedly increased
due to the friction at planes of slip.

Fig.

(4)

Fig.

(5)

Fig. (4) shows an ideal section through a crystal
in which it is supposed that a hard, strong substance is
dispersed in the form of substantially spherical particles.
These particles are supposed to be about equal in size,
but of course the circles cut by the plane of the section
should be of different sizes according to the distance
of this plane from the centers of the spheres.

It will

be noted that there is not a single plane of easy slip
which does not encounter at least one of these hard
particles.

Under the action of an external load tending

to produce slip along these planes, the hard particles
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must act as keys, mechanically obstructing any motion along
the planes as a whole.

'rhe result is increased elastic

limit, hardness and strength.
Dow suppose all the hard particles to be gathered
into a single large particle, as shown in Fig (5).

Al-

though the size and strength of the "key" are greatly
'increased, there are many planes of weakness left without
any reinforcement.

The single large particle does not

interfere with slip on these planes.

It is easily seen

that the strengthening effect of the hard particles increases with their number and not with their size.

Even

in case all possible planes of slip are keyed at some
paints, more effective slip interference must result from
diminishing the size and increaSing the number of the
particles.

We thus have the rule tha.t the hardening effect

of a given amount of hard dispersed substance is greater,
the smaller the particles.

This rule must reach a limit

as the particles approach atomic dimensions.
Let us consider the strength of true solid solutions
or atomic dispersions from the point of view of the slip
interference theory.

Planes of weakness are present just

as in the pure metal or solvent.
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At intervals the succession

o~ atoms of solvent is interrupted by an atom of the solute.
At each point where an atom o~ the solute occurs there
is an increased bond, or, we might say, pressure, on the
plane of potential slip, due to the greater ~orce o~
attraction between the unlike atoms.

This constitutes

in effect a key, very much as to do the crystalline particles
o~ Cu A12 in Aluminum.

The planes are seemingly "spot

welded" together by the atoms o~ the solute.
The experimental evidenoe indicates that the formation o~ crystalline nuclei o~ Cu A12 in duralumin, ~rom
the solid solution o~ copper in aluminum, causes an increase in hardness and strength.

I~ the key aotion o~

the atomically dispersed copper were equivalent to that
o~ the crystalline particles of Cu A12, we should not
expect this to be the case, since the hardness should
increase as the number o~ keys increases.

It is quite

natural to suppose that the attractive forces of the
copper and aluminum atoms ~or eaoh other are not brought
~ully into play until the atoms are arranged in their
most stable arrangement -- that of the compound.

The

key formed by the little group of aluminum atoms surrounding the copper ato~

in the solid solution is more easily
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-,

sheared through than is a particle of crystalline Cu Al2~
The oritioal dispersion for maximum hardness should therefore c9nslst of the smallest possible partiC)j;eshaving the
oharaoteristic orystallinity of the compound.

If we

classify particles according to their diameters in terms
of atoms, the following probably represents approximately
the sizes involved:
1 atom diameter
10 atom diameters
1,000 atom diameters

solid solution

somewhat hard

oritical dispersion

hardest

smallest visible
particle

somewhat soft

The presence of a given amount of hard substance in
large particles produces excess slip interference locally,
but leaves portions of the metal in a weak condition.
Cohesion of the mass as a whole is therefore gained by
subdivision of the key material into many particles distributed as uniformly as possible.

The weak links of

the ohain of slip planes are thus strengthened at the
expense of the strong ones.

Plastic deformation in suCh

a material produces an intricate.system of slip planes
determined by the number and size of the particles.

In

many places the slip cannot follow the easy crystallographic
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planes, but is forced to take place in unfavorable directions.
The quantity of dispersed substance may be so great that
the resistance to slip becomes equal to or greater than
the direct rupt~ing

strength of the atomic bonds, and

brittleness accompanied by relatively great hardness will
result.
In general it is not necessary

that the hardening

particles have rather strong adhesion for the metal hardened.

The hardening action is just a keying of.the easy

slip planes.

The hardness in the foregoing case has been

produced by dispercing ~
large grains of metal.

particles within relatively
We should not expect softparticles

to produce hardening, because the "keys" of soft subetancer
would shear and thus assist rather than oppose slip.
The tern soft is used here in the relative sense only.
In more recent years objections to the simple
"dispersion" theory were raised.

The picture of the

mechanism of age-hardening in duralumin now differs in
some respects from the early one described in the foregoing pages.

There can be no question that at higher.

temperatures age-hardening of eopper-~luminum alloy is
accompanied by the actual preCipitation of crystalline
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partioles of Cu A12 in fi~e,dispersion, and that therefore age-hardening oan and does oocur in aluminum alloys
substantially in aooordanoe with the simple views originally proposed.

This oonolusion is based on the fact that

the physioal properties of the age-hardened duralumin
"
show
the oorresponding changes to this precipitation.

What is more, Dix and Richardson were able to secure
visual mioroscopic evidence of the precipitation of CU

.

A12 in copper-aluminum alloy aged at temperatures of
2000 Q ~nd above.

Also Sohmidt and Wassermann with the

much more sensitive x-ray spectrograph were able to
identify the characteristic lines of crystalline Cu A12
in the diffraction photographs of annealed duralumin.
All of these facts confirm the actual precipitation of
Cu A12 in a crystalline form in the specimens aged at
temperatures higher than 2000

c.

But tIleaging at room temperatures and temperatures
up to 1500 C the aspect of the age-hardening changes.
In the first place, although the electrioal resistivity
of duralumin decreases during aging at higher temperatures (1000 to 2500 C), it actually increases during
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at ordinary tempera'tures.

It was not in accord with our

simple knowledge of the electrical properties of solid
solutions that their resistivity should increase with
decreasing concentration.

Also neither the microscopical

examinations of Dix and Richardson nor the x~ray
spectrograph study of Schmidt arid Wassermann were not
able to identify any Cu A12 precipitation

even in the

duralumin specimens aged at temperatures up to 2000

c.

There is further and more revelatory x-ray evidence
on this question of precipitation.

When copper is taken

up by aluminum in solid solution, the latt1ce)constant
of al~um

is continuously decreased, the change being

almost proportional
solution.

to the amount of copper in solid

Schmidt and Wassermann and others were able

to show that the lattice constant of quenched supersaturated'
duralumin remains unaltered during aging treatments at
room temperature, and even at higher temperatures up to
1500 C., during which substantial hardening takes place.
It reverts to the value for pure aluminum only after tempering at higher temperatures, at which some averaging and
softening occur-s,

These interesting facts suggest that

the hardening components, copper, magnesium and Silicon,
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may still be in solid solution in the fully hardened condi~
tion.
Further confirmatory evidence with respect to the
absence of precipitation

is yielded by the di1ato-

metric studies by Kikuta, Portecin and Chevenard and
others who found that at room temperatures and even above,
pure copper-aluminum alloy hardened during aging without
appreciable increase in specific volume, and that only
during age hardening,at temperatures above about 2QOo

c.

did the specific volume increase as it should, were Ou
A12 precipitating from solid solution.

On the other

hand, a copper free magnesium - silicon - aluminum alloy
behaved quite normally; its specific volume and its
hardness increased together during aging, as should be
the case if Mg2 8i were being precipitated during the
hardening process.
According to these evidences it appears probabl~ that
even at room temperature age-hardening of magnesium - si1iconaluminum alloy is accompanied by the preoipitation of some
separate phase, probably Mg2 8i, but there. may be some
doubt as to whether this preCipitate is of wholly orysta1line
character.
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According to Merica the evidence appears very convincing that during the age-hardening of copper-aluminum
alloy at temperatures below 1500 C. no precipitation in
the ordinary sense takes place, of discrete, crystalline
particles of eu A12•

At these temperatures 'hardening is

substantially completed before any such precipitation
occurs, and the conclusion should be accepted that agehardening in this alloy and in super-saturated-solution;'
alloys generally may also occur in consequence of some
structural alteration other than that of the precipitation of excess solute.(3)
There is much more to write about the age-hardening,
but we shall not go into these further details and satisfy
ourselves with the fundamentals given in these pages which
are completely satisfactory for the aims of the present
study.

In our present work we shall have to deal with

the ternary alloy eu - :Mn - S1 in which the compound
Mn2 Si formed will have a similar effect as the eu A12
of the duralumin alloy.
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CHAPTER II.
A Review or the Previous Related Studies.
The only paper published dealing with the constitution
of the ternary Cu - Mn - 81 1s by Sm1th(4).

In this paper

a complete study of the nature and behavior of the term ry
alloys up to 10 per oent S1 and 10 per cent Mn has been
described and the different phase boundaries given by
1sotherms and other data given 1n the same paper.
Copper-s1l1con System.
The copper-s111con binary

equilibrium diagram used

in the construction of the ternary diagram was the same
as given in Smith's a previous paper(5)., published in
1928.

This diagram is reproduced in Fig. (6).

diagram, w1th the exception of the
corresponds approxtmate1y

In this

(gamma) phase, which

to CU5 Si, the composition of

the phases determined by the work does not fit in with any
of the compounds given by the previous invest1gators, or
with any other simple formula.

The various phases had

therefore been considered as so11d solutions and entirely
renamed with the Greek alphabet 1n the order of their
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first appearance in the pure state.
Copper-manganese
The copper-manganese

System.

system had been investigated by

several workers (6), notably LewiS, Wologdine, Sahmen
and Schemtschuschny, Urasow and Rykowski.

.

From the last-

named research it appeared that the metals formed a continuoua series of solid solutions, with a minimum in the
liquidus at 8630 C. and 30.3 per cent manganese, as shown
in Fig. (7). There was however, much to.indicate that
this diagram is incorrect.
The structures of alpha and beta manganese, stable
below 7420

e.,

and between 742 and 11500 C. respectively,

were very complex and it was quite impossible that a
continuous series of solid solutions could be formed with
face-centered cubic copper.

Westgren and Phragmen had

derived for alpha manganese a complicated cubic .struct~e
containing 56 atoms, and a cubic form with 20 atoms for
beta manganese.

Bradley ,and Theuc1e's suggested a structure

for alpha manganese consisting of a body centered cube with
each point represented by a tetrahedral cluster of atoms.
Preston confirmed the structure of alpha manganese determined

•
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, by Bradley, and Westgren and Phragmen's structure for
beta manganese.
At that time Sekito had recently shown that the gamma
form of manganese, stable above 11500

e.,

was face-center-

ed tetragonal with an axial ratio of solid solutions with
copper, which could be regarded as being face-centered
tetragonal with an axial ratio of 1.00, but, of course,
this would only apply to high temperatures, and below
11500

c.

two phases muBt exist.

X-ray work on the alloys'

by Cain and Patterson had sho\Yndefinitely that two
phases did exist, and the work of Gayles and Carson had
confirmed this microscopically, although no definite attempt
to fix the solubility limit had been made.
To verify this point, Smith melted a number of copper
manganese alloys in aluminum-lined crUCibles, and cast
them into rods of

t inch diameter.

Sections were then

cut, cold worked by hammering, annealed for 44 hours at
8000 C. and quenched.

Alloys with 67.83, 61.74, 32.59,

and 11.49 per cent copper after this treatment showed by
microscopical examination clearly that the all~ys were
duplex in nature.

The limit of solubility must be about

30 per cent manganese.

SchemtschusChny's diagram did not

-26-

1\00

1300

Liq\Jld

1050
11

.-..

/

1200

I

U

I

U
0

~

I

W

....

•
,,

I:

It::

::>

~

,,

1000

900

,,

'-

....--

--

,

/

cr
950
UJ

,, "
.- ,

20

r:

,-

ljO

UI

I-

60

60

PfRCENTMANGANES

Fig.

0

0(

0..

80

0

•

<1:

/

uJ

~

UJ 1000

I

:::)

0...

,,

/

I

1100

a::

~
Q:
~

L

I

E

(BY

900

2

100

"

PERCENT

\NT.)

(7 )

Fig.

6

MANGANESE

(8 )

1500

o

20

"cO
PERUNT SILICON.

Fig.

60
(BY

(9)

WT.'

eo

8

100

10

_ fit in smoothly in the ternary system.
and solidus of the binary Ou -Mn

So the liquidus

system up to 10 per cent

manganese were therefore redetermined by Smith by a series
of cooling curves and quenching experiments.
diagram is shown in Fig. (8).

The revised

It will be noticed that

the liquidus is concave upwards instead of downwards as
in Schemtschuschny's

diagram~ but there is not a differ-

ence of more than 200 C. between the two curves in the
range studied.

The solidus line in the new diagram were

determined by queriching experiments and were therefore
more likely to be accurate than that of Schmetschuschny~
which was drawn through the very indiscrete pOints on
the cooling curves representing the completion of solidification.

It should be emphasized that the alloys in

Smith's research contained appreciable amounts of iron
(1.27%) it is doubtful if this had any great affect on
the structure.
Manganese-silicon

System.

The only investigation on the manganese-silicon
system was that of Doernickel who gave the diagram shown
in Fig. (9).

This showed the existance of two compounds~
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Si and Mn Si, which formed eutectics with each other,

with a manganese-rich, solid solution, and with silicon
respectively.
To determine whether these two compounds did exist,
alloys of manganese with 12.36, 24.23 and 35.68 per cent
silicon were melted by Smith and allowed to freeze slowly
in alumdum-lined crucibles.

The structures agreed fairly

well with Doernickel's diagram.
ing approximately to Mn2 Si and
geneous.

The alloys correspondMn

Si were nearly homo-

X-ray diffraction patterns were taken of the

alloys and these show the existance of four distinct
phases as the diagram is crossed.
The Ternary Diagram.
In Smith's work, the liquidus of the diagram was
determined by a series of cooling curves made on alloys
spaced approximately 2 per cent apart.

Although the

detail work was limited to the region with more than
90 per cent of copper, a few alloys were made and cooling curves taken in the range with less than this amount
of copper in order to make the interpretation of the
results in the desired range easier.
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During the taking

- of the cooling curves readings were taken at each fall
in temperature of about 10 t.
The majority of the pOints in the diagram were determined by a study of the micro-structure

of a number

of alloys, which were annealed for various periods at different temperatures and quenched rapidly in water.
The compositions of the alloys were chosen so that
they could be regarded as lying on a series of sections
1 per cent apart, parallel either to the binary coppersilicon system, the manganese increaSing 1 per cent in
successive sections; or parallel to the copper-manganese
Side, with the silicon increaSing progressively.
of constant-temperature

A series

(isotherm) seotions of the dia-

gram were also made for every temperature of annealing
used, and the three series of plots were balanced against
each other until smooth curves on each set were obtained.
This gave curves which were much more likely to be
accurate than those obtained by either composition of.
several samples did not lie exaotly in the vertical
sections.
The liquidus and solidus isotherms of the system are
shown in Figs. (10) and (11).
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OrTiH
sou JQDARY

7

alpha-phase boundary and the Binary syste~

are shown

in Fig. (12).
The vertical section oorresponding to the pseudobinary system has been drawn aocording to Smith's diagrams and datas.

The Fig. (13) shows that eu - Mn2 Si

pseudo binary diagram.

The regions not very surely deter-

mined are shown with dotted lines.
In this pseudo-binary diagram we find that the solubility of Mn2 Si,decreases rapidly as the temperature
falls, from .10 per cent Mn2 sr at 8750 C until it is at
4000 C less than 3.7 per cent Mn2 Si.
So it should be expected that alloy containing more

than 3.7 per cent Mn2 8i (or even from 2.5 per c~nt Mn2 Si)
should be hardenable by the age hardening process.
In the present work this point will be investigated.
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CHAPTER III.
EXPERIMENTAL

WORK.

The·material used was pure enough for the purposes
of this study.
Copper was:

Commercially pure copper wire (Great Falls).

Manganese was:

Carbon free from Denver Fire Clay Company.

Silicon was:

"Lump Silicon" from Baker Chemical Company.

I find it useful to say a few words about the pre-

paration of the eu - Mn - 3i ternary alloys.
metals need special care by their melting.

The two last
If we tabulate

their characteristics we shall see:
Element
specific gravity
(as cast)
melting point °C.
avidity to oxygen
in molten state.
avidity to carbon
in molten state
chemical activity
in molten state

eu

Si

8.7

2.19

1083

1260

1420

slight

great

great

none

great

medium

slight

great

medium

From this table it is seen tha.tmanganese can be
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troublesome during the melting operation.

Besides it

has a great carbide forming ability, it attacks both acid
or basic ·material.

The regular'f~P9-fast,laboratory

crucible were attacked as much as the half of their thickness during a melting of two hours.

Of course the chemical

composition of the alloy obtained was as far as possible
than the original expected one.

However if the alloy

is prepared in a short time (about 20 minutes) the crucible
is not much attacked.
But in our purpose there is a chemical reaction to
be performed.

The manganese has to combine with. silicon

to form the manganese silicide.

Even if there was not

much information about this reaction it is logical that
to keep the alloy in the hot furnace in the molten sta'te
as long as possible would not make any damage to this
reaction but would acoomplish it and also would serve
to give a homogenous alloy.

So I preferred to use a

crucible which would stand a two hour melting period.
Smith in preparing his alloys used graphite cruoibles
with a thick alundum cement wash.

In this work the same

way was tried with the ordinary fire-fast laboratory
orucibles and it was found very satisfactory.
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Most of

the time the alundum cement wash was as much intact as
in the unused state.

The crucible itsel~ cracked, pro-

bably because of the greater expansion coefficient of
the alundum cement.

To facilitate the exact introduction

of each element in the final alloy intermediate alloys
of 9.15 per cent Si and balance copper and 25.32 per cent
Mn

and balance copper were prepared.
For the melting of the alloys an electric resistance

furnace was used with 50 amperes under 250 volts.

The

temperature of the furnace could be measured by the use
of a Leeds and Northrup optical pyrometer.

Temperatures

up to 14000 C. could be easily reached in two hours after
the starting of the furnace.
In each case first the copper was molten under charcoal.

When copper was molten the charcoal was removed

then manganese or silicon or their respective binary alloys
were added.

It was noticed that in the copper-manganese

molten mass the silicon melted readily even at temperatures lower than 13000 C.

So all of the time silicon

or its binary alloys was added as last.

Tbe alloy after

one hour or more staying in molten state was cast in a
1 x 1.5 cm rectangular cross sectioned graphite mold.
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The red hot alloy was chilled with cold water to have it
as soft as possible.
The bar was then cut into 3 mm thick pieces and
samples were taken for the chemical analysis.
For each alloy a chemical analysis was made, and in
each case it consisted in determining:
of Ou
eu and sr
eu and Si

in
in

in

Ou - Mn binary alloy
eu - Si binary alloy
eu - Mn - Si ternary alloy

The manganese was taken by difference, so any impurity (iron) in the alloy was shown in the manganese
content of the alloy.

The method of analysis consisted

in determination of 81 as 8i 02 by H F method and determination of eu by cyanide titration method.
Analysis of the Ternary Alloy
0.2 - 0.3 gm. specimens were taken, dissolved in
5 cc of H N 03 from 1.4 sp. gr. and 5 co water.

The

solution was then added 5 cc H2 S04 from 1.84 sp. gr. and
heated until strongly fuming.

At this point the solution

was diluted to 60 cc volume, filtered through a quantitative analysis filter paper in a 250 cc ~rlen Meyer flask,
the filt'er residue washed with warm slightly H2 804 containing water.
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The filter paper then was burned in a platinum
crucible, any unoxidized part oxidized by addition of one
drop of H ~ 03 from 1.4 sp. gr.
ing the crucible was weighed.
drop of

H2

After careful red heatThen 1 cc of water, one

804 from 1.84 sp. gr., 1 cc of H F were added

and the crucible placed on a small sand bath to eliminate
the Si 02.
weighed.

The crucible was then again red heated and
The loss in weight was Si 02 which converted

into Si gave the 8i content of the alloy.

Any residue

1n the crucible should be Mn3 04 (Mn2 8i being not very
soluble in H N 03 or H2 804).
To the filtrate 1n Erlen Meyer flask pieces of Al
sheet were added and all heated to boiling, and kept
boiling ten minutes or longer.

After complete cementation

of copper 10 cc of strong hydrogen sulphide solution w~e
added to insure the precipitation of any eu left in
solution.
After filtration and thoroughly washing of the copper
with warm, slightly hydrogen sulphide containing water
the copper was dissolved in warm 5 cc H N 03 from 1.4
sp. gr. and 5 cc water.

After the oomplete dissolution
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of copper, a1 sheets were separated by filtration.

Through

the same filter 5 cc of bromine solution was added for
oxidation of copper and also any sulphide left on the
filter paper.

After boiling out the excess bromine, 10 co

of ammonium hydroxide from sp. gr. 0.30 were added and
the intensive blue solution titrated by the standard cyanide
solution prepared with Na C N {0.00631 gm cu/cc).
Heat Treatment of the Ternary Alloys.
The 3 mm thick pieces were rolled through a small
roll set to 50 per cent reduction of area.

The aheets

obtained were cut to 1 cm length and annealed for 6 hours
at 8500 C in a quartz tube resistance furnace, with a
hydrogen atmosphere.

The tube was heated by a chromel

wire wound around and covered by a thin wash of alundum
cement preventing the oxidation and the ahort circuit.
The natural gas was found to be unsuitable for that temperature, being decomposed quantitatively giving a mass of
carbon which partly deposited on the metal surface.
Hydrogen was prepared with H2 804 and Zn in a small generator which could supply 10 hours in small amounts, enough·
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to keep a pressure in the furnace.

By the use of hydrogen

the surfaces of the annealed pieces were much more cleaner,
even if not as bright as in the roller state.
The temperature of the furnace was measured by an
iron-constantan thermocouple used in connection with a
Leeds and Northrup compensator.

The thermocouple was

first calibrated with a Leeds and Northrup platinum resistance thermometer up to 9000 C. both by heating and
by cooling.
The set used is shown on Fig. (14).
During the reheatings natural gas proved to be an
excellent reducting atmosphere.
be controlled in a range of
periods and

The temperatures could

250 C. in a few hours

500 C. during over night agings.

After

the heat treatment the pieces were immediately quenched
in cold water.
The heat treated pieces were then tested on the Rockwell Superficial hardness tester.

For each piece 8 to

10 readings were taken, which most of the time confirmed
with each other, except in a few oases where either surface
imperfections, or humps of the specimen cause abnormal
results.

The datas obtained are tabulated and ploted in

graphs in the following pages.
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CHAPTER IV.

Report of the Results.

Four alloys were prepared with different compositions.
They were:
Alloy No. 1
Corresponding to:
95.80 per cent au
4.20 per cent Mn2 81

Containing:
95.80 per cent eu
0.86 per cent 31
3.34 per cent MIl
Alloy No. 2

Corresponding to:
84.00 per cent Cu
2.95 per cent Mn2 8i
13.05 per cent Mn

Containing:
84.00 per cent eu
0.60 per cent Si
15.40 per cent Mn
Alloy No. 3

Corresponding to:
91.25 per cent en
2.36 per cent Mn2 Si
6.39 per cent MIl

Conta1ning:
91.25 per _cent Ou
0.48 per cent S1
8.27 per cent Mn
Alloy No. 4

Corresponding to:
97.50 per cent Cu
2.05 per cent Mn2 81
0.45 per cent 81

Containing:
97.50 per cent en
0.91 per oent 51
1.59 per cent MIl

In the following pages the results of the hardening
tests of the above alloys for different aging times and
.temperatures are tabulated and the hardnesses are plated
for each aging temperature vs time of aging.
All the above percentages are by weight percent.
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Alloy No. 1

4.2 per oent Mn2 Si

Quenohed from 8500

C

after

6

hours annealing.

Reheated at 4000 C.
Time of heating (minutes)
As quenohed
10

Hardness
15-T Rookwell Superfioial
64

64

50

'70

140

70.5

320
'720

'77
76

Reheated at 4500

c.

Time of Heating (minutes)
As Quenohed
10
50

Hardness
15-T Rockwell Superfioial
64
65
65
76
90

100

410
680

91

Reheated at 5000 C.
Time of Heating (minutes)
AtJ Quenohed
3

Hardness
15-T Rookwell Superfioial
64
65.5

5
10
20

68

50

78
91
87.5
80

69.5
69

130
470

860

-43 -

Reheated at 5500

c.

Time of reheating (minutes)
As quenched

Hardness
l5-T Rockwell Superficial
64
67.5
70.5
69
75
89.5
84
87
82

3

5
10

20
50
180
300
1000

Reheated at 6000 C.
Time of reheating (minutes)
As quenched

Hardness
l5-T Rockwell Superficial
64
86
91.5
95
87
82.5
83
80
81

3

5
10

20
50

100
500

1000
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Alloy No.2.

2.95 percent Mn2 81.+13.05

percent MD.

Quenched from 8500 C after 6 hours annea11ng.
Reheated at 3500

c.

Time of reheating (minutes)
As.quenched
10
50
100
280
1150
1540
Reheated at 5000

Hardness
15-T Rockwell Superficial
71.5
75.5
82.5
85
86.5
87.5
88.5

c.

Time of reheating (minutes)
As Quenched.
5
10
20
70
140
960
1380

Hardness
15-T Rockwell Superficial
71.5
82

83
84.5
85.5
78
78
78.5

Reheated at 6000 C.
Time of reheating (minutes)
As quenched

Hardness
15-T Rockwell Superficial
71.5
81
82
79.5
79
76
75
76

3

10
20
50
100
235
1000
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Alloy No.3.

2.36 percent Mn2 Si.+6.39

percent Mn.

Quenched from 8500 C. after 6 hours annealing.
Reheated at 3500

c.

Time of reheating (minutes)
As quenched
10
50
100
280
1150
1540
Reheated at 5000

Hardness
15-T Rockwell Superficial
61
65
71
75
79

80.5
82.5

c.

Time of reheating (minutes)
As quenched

Hardness
15-T Rockwell Superficial
61
64
70
73
74.5
70
68

5

10
20
70
140
960
1380

67

Reheated at 6000 C.
Time of reheating (minutes)
As quenched

Hardness
15-T Rockwell Superficial
61
73

3

72

10
20
50
100
235
1000

74
72

69
68
70
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Alloy No.4.

2.05 per cent Mn2 3i.+0.45

Quenched at 8500
Reheated at 3500

{;I

after 6 hours annealing.

c.

Time of reheating (minutes)
As quenched
10
50
100
280
1150
1540
Reheated at 5000

percent Si

Hardness
l5-T Rookwell Superficial
51
60
66
67.5
66.5
70.5
71

c.

Time of reheating (minutes)
As quenched

Hardness
15-T Rockwell Superficial
51

5

59

10
20
70
140
960
1380

64
66
67.5
65
63
60

Reheated at 6000 C.
Time of reheating (minutes)
As quenched

Hardness
15-T Rockwell Superficial
51
62
62.5
62.5
61
55.5
56

3

10
20
50
100
235
1000

55

-48-

CHAN

GEt

8"% CAt +2.95%

90

V

.d,- .......

80

~

~

.

6>Or- __

:..-- l-

350'

7Q r--~

(

N H

A RON E 55

11nt.5i. + 13.05

~

-"""" r--.,..,.

P

~

_-

--

~
~

~

~.-.
- ro.

-.

ALLOY

Mn

%

"R E H EAT I N G

0N

No.2.

QUENCHED

FROM
Ii

t--. ~
I--' ~

,- ~

I'--

0-

G>-

~

11

850·C
J(

I»

r- r-- --

.-~--

-+-

..

-

"Id

~O
91

,-----

RtI

--

70

,,)

~/

~p
V
~

r:--.

.....-f

~

v
.......
v

0 50

:;:1~

~

::l

....

...-

~

,~

r--,.,
p

-

1---'

-f:.'!

~

50
't~

No.4.

ALLOY

fROM

QUENCHED

950·C

I
I

I

8Il

r
I
I

70

I

I

I

I
I

I

I

i --

f--

60

y

Z~·!.

yo

..-~ :.-

'~~

,
K

50 ~

~
-

--

..

f---

~ ~

-- - .

tJ-

~

-

- .

3

It 5 ~ 7 6

10

0

TIME

AT

- ..

-

100

REHEATINC,

-49-

(16)

~-

l- f-

f.'T

Ir

-MINUrFS-

Fig.

I--

1--- f---

i
2-

~-

- -

ll{

--- 1-"":-

.---

~Q
I

r-

1~

I

-

......

P"

-

.. -

500

TEMPERATURE

1000

20 00

CHAPTER IV
CONCLUSION
1.

The alloys or the Cu corner or the ternary Cu -

Mn -

3i with more than 2.05 per cent Mn2 Si can be agehardened as predicted by the equilibrum diagram.
2.

The amount of age hardening depends primarily rrom
the amount or Mn2 Si precipitated in fine dispersion.
Such a precipitation of Mn2 8i depends from its
concentration in the solid solution, the temperattre
and time of aging.

3.

At temperatures above 4500

c.

the critical dispersion

of Mn2 8i is reached readily and the ooagulation of
the precipitated Mn2 Si starts.
4.

The best temperatures of annealing are the temperatures between 4000 C and 5000 C with the corresponding times, 500 minutes to 100 minutes.

5.

An excess of manganese increases only the original
solid solution hardness of the alloy and does not
intervene during the age hardening.

A good proof

that the age hardness is caused by Mn2 Si.
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