Mechanical Alloying

Many useful combinations of metals cannot be achieved b y melting
or by conventional powder metallurgy. Such materials can be made

by cold-welding metal powders in a special high-energy ball mill

ne of the serious limitations of mod-
O ern technology is the reluctance of

some metals to form alloys. For ex-
ample, it is quite difficult to alloy by con-
ventional techniques a metal with a high
melting point and one with a low melting
point. Even though two such metals may
form a solution in the liquid state, the metal
with the lower melting point tends to sep-
arate out in the course of cooling and so-
lidification. Over the past few years a new
technique of combining metals has been de-
veloped that circumvents many of the lim-
itations of conventional alloying. Called
mechanical alloying, it creates true alloys
of metals and metal oxides that are very dif-
ficult or impossible to combine by other
means. Mechanical alloying has produced
high-strength superalloys for jet engines,
and there is good reason to believe the tech-
nique will find a rich diversity of other ap-
plications.

It was discovered early in human history
that the use of certain copper ores in smelt-
ing resulted in a metal with properties supe-
rior to those of metal produced from other
copper ores. This was owing to the unrec-
ognized presence of traces of arsenic and
antimony. Hence some ‘“copper” was in
fact an alloy rather than a pure metal. In
particular the melting point of the alloy
was lowered, making it easier to cast, and
the strength of the alloy was increased, mak-
ing it more useful for weapons and tools.
Somewhat later tin was deliberately alloyed
with copper to produce bronze.

Today the large majority of alloys are still
made by heating different metals together to
temperatures above their melting points so
that they form a solution with each other.
For combinations of metals that resist such
alloying metallurgists have resorted to the
mechanical blending of powders, for exam-
ple mixing powdered tungsten carbide,
which has a high melting point, with pow-
dered cobalt, which has a low melting point.
The mixed powders are formed into solid
metal by the application of high pressure
and heat. These two operations can be per-
formed in sequence (cold-pressing and sin-
tering) or simultaneously (hot-pressing).
The result is an alloy consisting of discrete
particles of tungsten carbide embedded in a
matrix of cobalt.
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When solid articles are made from blends
of different metal powders, the degree of
homogeneity attained in the final product is
limited by the size of the particles in the
powders. If the particles are too coarse, the
different ingredients will not interdiffuse
during consolidation or prolonged heating.
This problem can be overcome to some ex-
tent by starting with very fine powders.

One way to make a fine metal powder is
to grind a coarse powder in a ball mill.
There is, however, a practical limit to the
fineness of the powder that can be obtained
in this way: the particles begin to weld to-
gether as the milling continues. Sometimes
lubricants such as kerosene or fatty acids
are added to prevent the particles from
coming in contact. Although lubricants
make finer grinding possible, they may se-
verely contaminate the powders and de-
grade the alloy made from them. Another
serious limitation on fine grinding is the
tendency for fine metal powders to burn
spontaneously.

Mechanical alloying was developed as a
means of overcoming the disadvan-
tages of powder-blending without encoun-
tering the difficulties associated with ultra-
fine powders. It was found that when cer-
tain combinations of metals were milled to-
gether in the absence of a lubricant, they
tended to form metal composites. Hard
powders such as tungsten carbide, which
normally do not form composites, can be
made to form a solid with a soft powder
such as cobalt by tumbling a mixture of the
powders in a ball mill. Because the rolling
and falling balls in a conventional ball mill
have a limited energy, however, the forma-
tion of composites in this way took an ex-
ceptionally long time. For example, to pro-
duce a fine dispersion of tungsten carbide in
cobalt by conventional milling one must
first intensively mill the carbide so that it is
broken down into fine particles before the
cobalt is added.

In order to accelerate the formation of
metal composites, to eliminate the depen-
dency of final powder homogeneity on ini-
tial powder size and to avoid the hazards of
fine powders, my colleagues and I at the
Paul D. Merica Research Laboratory of the
International Nickel Company turned to

ball mills that would generate higher ener-
gies than conventional ball mills. A con-
ventional ball mill consists of a rotating
horizontal drum half-filled with small steel
balls. As the drum rotates, the balls drop on
the metal powder that is being ground; the
rate of grinding increases with the speed of
rotation. At high speeds, however, the cen-
trifugal force acting on the steel balls ex-
ceeds the force of gravity, and the balls are
pinned to the wall of the drum. At this point
the grinding action stops. A ball mill capa-
ble of generating higher energies consists of
a vertical drum with a series of impellers
inside it. A powerful motor rotates the im-
pellers, which in turn agitate the steel balls
in the drum. Such a machine can achieve
grinding rates more than 10 times higher
than those typical of a conventional mill.
Still higher grinding rates can be achieved
on a small scale with a high-speed shaker
ball mill. Such a mill produces only a few
grams of powder, but it is a useful 100l for
testing new processes.

In a high-energy mill the particles of the
metal powder are repeatedly flattened, frac-
tured and rewelded. Every time two steel
balls collide they trap powder particles be-
tween them. The force of the impact de-
forms the particles and creates atomically
clean new surfaces. When the clean surfaces
come in contact, they weld together. Since
such surfaces readily oxidize, the milling
operation is conducted in an atmosphere of
nitrogen or an inert gas.

At early stages in the process the metal
powders are still rather soft, and the tenden-
cy for them to weld together into larger
particles predominates. A broad range of
particle sizes develops, with some particles
being two to three times larger in diameter
(10 times larger in volume) than the original
ones. As the process continues the particles
get harder, and their ability to withstand
deformation without fracturing decreases.
The larger particles are more likely to incor-
porate flaws and to break apart when they
are struck by the steel balls. In time the
tendency to weld and the tendency 1o frac-
ture come into balance, and the size of the
particles becomes constant within a narrow
range.

The composite particles that are formed
by the welding of smaller particles have a
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MECHANICAL-ALLOYING PROCESS for making a superalloy
begins with grinding metal powders in a high-energy ball mill for
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about 20 hours. The mechanically alloyed powder is sealed in a stee]

characteristic layered structure. Although
there is little change in the size of the parti-
cles after the balance between welding and
fracturing is attained, the structure of the
particles is steadily refined. The thickness of
each layer in the composite particles de-
creases because of the repeated impact of
the steel balls, and at the same time the
number of layers within each particle in-
creases. The rate of refinement of the inter-
nal structure of the particles is roughly log-
arithmic with processing time. As a result
the penalty for starting with coarser pow-

PARTICLES OF METAL POWDER in a ball mill are trapped be-
tween colliding steel balls. The force of the impact flattens the par-
ticles. The deformation spreads out the surface of the particles, creat-
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ders is not severe. For example, when the
particles are initially some nine microme-
ters in diameter, it takes about 48 minutes
to process them in a high-energy shaker
mill, and increasing the size of the particles
by a factor of 10 increases the processing
time by only 22 minutes.

There is a slight tendency for the rate of
refinement of the internal structure to de-
crease after a long period of processing be-
cause the particles get exceedingly hard.
The hardness is the result of the accumula-
tion of strain energy. Eventually a constant

can and formed into a metal bar by hot-extrusion. The extruded bar is

value called the saturation hardness is at-
tained.

y colleagues and I have followed the
refinement of the structure in me-
chanical alloying to the point where the lay-
ers in the particles cannot be resolved by
light microscopy. It could be assumed that
with further processing the powders still
consist of discrete fragments of ever de-
creasing size, but that is not the case. John
H. Weber and E. Lee Huston of our labora-
tory have shown that true alloying has

ing gaps in the layer of adsorbed gases and exposing atomically clean
metal. Where the clean surfaces come together cold pressure welds
are formed. The force of the impact also causes some particles to frac-
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reduced in thickness by hot-rolling. The steel jacket of the bar is re-
moved before the bar is annealed. During annealing the superalloy

reached a significant point when the layers
of a particle can no longer be opti-
cally resolved. In their experiment they
worked with a mixture of nickel, which is
magnetic, and chromium, which is non-
magnetic and destroys the magnetic re-
sponse of nickel when alloyed with it. Web-
er and Huston processed the metals in a
high-energy ball mill that produced a ho-
mogeneous powder in 10 to 15 hours. The
magnetic response of the nickel decreased
rapidly in the early stages of the processing.
As the layers of nickel and chromium in the

ture. The repeated flattening and rewelding of the particles build up
composite particles with s characteristic layered structure. The mi-
crograph at the right shows the result of processing iron powder (dark
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composite particles were brought into more
intimate contact, more of the nickel was
demagnetized. When the layers could no
longer be resolved optically, the magnetic
response had reached a value as low as that
of a completely homogeneous nickel-chro-
mium alloy produced by melting and work-
ing. This showed that the two metals were
now intimately mixed on an atomic level.
They had formed a true solid solution rath-
er than a mixture of fine fragments.

There is surprisingly little contamination

of the powder by the iron in the steel grind-
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FINAL PRODUCT

develops coarse grains that improve its strength at high temperatures.
The product, a jet-engine blade, is machined from a section of the bar.

ing balls. In the course of the grinding proc-
ess the balls become coated with a layer of
the metals in the mixture. This layer and the
free powder that is trapped in each collision
absorb most of the energy when the balls
collide.

Although mechanical alloying can pro-
duce composite metal particles with a ho-
mogeneous internal structure, there is no
particular advantage in applying the tech-
nique to many combinations of metals, in-
cluding the combination of nickel and chro-
mium. The same results can be obtained by
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particles) and chromium powder (light particles) in a high-energy
shaker ball mill for a few minutes. Even in this early stage of process-
ing, cold welds between particles of iron and chromium are evident.
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