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This paper studies the mechanisms of formation of new materials in the solid state using
mechanical alloying. Several key factors have been observed to control the formation of new
alloys. These factors are: activation energy, which is related to the formation of defects during
collision of powder particles; temperature, which is associated with the plastic deformation of
powder particles and sliding between these particles, and between high energetic balls and
powder particles; and crystalline size, which is related to the formation of nanometer crystalline
during mechanical alloying. It is found that the diffusion process during mechanical alloying is
controlled by both mechanical and thermal energy. The activation energy can be lowered by
introducing defects, which in turn results in an increase in diffusivity. By reducing grain size,
effective diffusivity can be increased significantly. Grain boundary and free surface diffusions are
found to prevail to enable diffusion to proceed at relatively low temperature.
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Introduction

Mechanical alloying (MA), usually carried out under an
inert atmosphere in a ball mill'3 is an alternative tech-
nique for producing metallic powders in the solid state.
Powder particles in the ball mill are subjected to high-
energy collision* which causes the powder particles to be
cold welded together and fractured. Cold welding and
fracturing enable powder particles to be always in
contact with each other and atomically clean surfaces
and with minimized diffusion distance. Microstruc-
turally, the MA process can be divided into three stages:
at the initial stage, powder particles are cold welded
together to form a laminated structure. The chemical
composition of the composite particles varies signifi-
cantly within the particles and from particle to particle.
At the second stage, the laminated structure is further
refined as fracture takes place. Thickness of the lamellae
is decreased. Although dissolution may have occurred,
chemical composition of the powders is still not homo-
geneous. At the final stage, the lamellae become finer
and eventually disappear. A homogeneous chemical
composition is achieved for all particles, resulting in the
formation of a new alloy with a composition corre-
sponding to the starting powder mixture. Using this
technique, alloys*”’ and non-equilibrium phases®® can be
produced. The application of MA to exotic systems
began with the work of Schwarz and Koch!®. Since then,
formation of amorphous materials!''* using MA has
received much attention. The fundamentals of formation
of amorphous are now well understood.
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It is known that all solid-state reactions involve the
formation of one product phase or more between the
reactants, and that the reaction volume is continually
reduced as the reactants become specially separated.
Reaction rates are therefore influenced by the initial
contact area and by the diffusion of the reactant species
through the product phases'. For most solid-state
processes, the initial contact area is fixed and the diffu-
sion rate is limited. Therefore solid-state reactions are
temperature dependent. This is not the case for MA-
induced reactions since a reaction can actually increase
with decrease in temperature and a change of phase'’,
With fracturing and rewelding of the powder particles,
the reaction area increases. Thus the chemical reactivity
increases during MA!". As pointed out by Schaffer's,
owing to the introduction of a large number of crystal
defects!®, MA minimizes the effect of product barriers
on reaction kinetics and provides the conditions required
for the promulgation of solid-state reactions at low
temperature. The change in microstructure is critically
dependent on the ductility of the powders. In ductile
systems, a composite layered structure is developed on
the powder particles during the early stages of MA. This
structure is gradually refined and homogenized until
finally, a truly alloyed powder with very fine structures
from any combination of elements can be produced!®2
from the bottom of a phase diagram (solid state) upward
rather than from the top (liquid state)?.

The objectives of the present paper are to discuss the
mechanisms of mechanical alloying and to study the
significance of each key factor during the alloying
process.
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Mechanisms of mechanical alloying

Effect of temperature

The increase in temperature during MA is of particular
concern. It has been argued that the large plastic defor-
mation that takes place in the process induces local
melting leading to the formation of new alloys®.
According to this hypothesis, new alloys are produced
through a melting mechanism and/or diffusion at rela-
tive high temperature. For some materials with low
melting temperature it is quite possible that local
melting is induced by high collision energy. For most
materials, however, melting cannot take place during
MA. To achieve cold welding, which is an essential
condition for MA, at least one material should
normally be ductile. The latter acts as a binder to bind
powder particles together?>. However, it has been found
that brittle materials such as solid solution Si + Ge,
intermetallic compound Mn + Bi and amorphous alloys
NiZr, + Ni;,Zry can also be mechanically alloyed®?*. A
key feature of the possible mechanisms for MA of
brittle components is the temperature of the powder
particles during milling. No alloying was observed when
the milling vial was cooled by liquid nitrogen®. It has
been claimed that pure ceramic materials of WC, TiN
and TaN can partially be mechanically alloyed at
certain conditions?. The temperature during MA is
believed to be far from the melting temperatures of WC,
TiN and TaN or their diffusion temperature. The
temperature measured after certain duration of MA was
only about 120°C. Because the change in temperature of
the powder particles is a dynamic process, it is very
difficult to monitor directly the temperature during the
MA process.

Davis and co-workers?® used an indirect method to
determine the change in temperature. In their test, an
Fe-1.2 wt% C alloy was prepared by melting elec-
trolytic pure iron and graphite in an induction furnace.
The sample was placed in an evacuated quartz tube
containing Zr getter and austenized at 1150 K followed
by ice-water quenching. Finally about 140 mesh powder
with martensitic structure was produced. The resultant
powder particles were then milled and their microstruc-
ture was analysed. Since a martensitic structure will
decomposite into e-carbide and a lower carbon marten-
site at 418 K and into cementite and ferrite at 575 K,
the temperature of the MA process can be evaluated by
examination of the remaining convertible cementite in
the sample. The result showed that a change in temper-
ature occurred during MA. The maximum temperature
was about 559 K, which is far from the normal diffu-
sion temperature.

Lu et al.?’ measured the thermodynamic properties of
a nickel and aluminium mixture and of a copper—zinc
and aluminium powder mixture using a differential
scanning colorimeter (DSC) after different MA times. It
was found that the lowest exothermic reaction in the
copper—zinc—aluminium system was about 200°C corre-
sponding to the recovery and partial release of the
stored energy in the particles. This means that the
temperature of the powder particles during MA was
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lower than 200°C, otherwise they would be annealed
during the process. DSC measurement of nickel-
aluminium also revealed that the lowest exothermic
reaction occurred at about 260°C.

Although the maximum temperature during MA is
dependent on several factors, such as the type of ball
mill used, speed of rotation employed and properties of
the powder particles to be mechanically alloyed, accord-
ing to the above measurements it is believed that the
global temperature is relatively low. The temperature at
certain locations under high-energy collision, however,
could be higher due to large amounts of plastic defor-
mation and sliding but heat is very rapidly dissipated
by the large mass of milling vial, balls and powder par-
ticles. Nevertheless, the increase in milling temperature
certainly plays a very important role in MA not only in
the diffusion process but also in controlling the size of
the particles.

As discussed earlier, two major phenomena can
contribute to the increase in milling temperature: fric-
tion during collision and localized plastic deformation.
Schwarz and Koch!® proposed a model by which
temperature rise due to localized deformation can be
predicted:

¢ At
AT == f—~— 1
2\ mkypyc, )

where AT is the increase in milling temperature, ¢ the
dissipated energy flux given as ov where ¢ is normal
stress due to a head-on collision and v is relative veloc-
ity of the ball before impact, At the stress state life, p,
the density of the powder particles, &, the thermal
conductivity of the particles and c, the specific heat of
the powders. If the values of k, = 2.37 W em K-, p, =
270 gem?, ¢, = 900 Jkg! K and ¢ = 170 MN m* 2%,
the increase in temperature during MA can be calcu-
lated as a function of collision speed and stress state life
using this model. Figure 1 shows the change in temper-
ature of aluminium powder at different MA conditions.
Although strongly dependent on stress state life and
collision velocity, it has been pointed out by Davis?
that the temperature rise in most collision events is
about 100-350 K.

In addition to the heating due to plastic deformation,
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Figure 1 Change in temperature as a function of collision speed and
stress state life during mechanical alloying
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an increase in temperature on a microscopic level as a
result of sliding friction can also be predicted®. The
method of prediction considers a system where a body
comes into contact with another over a limited area and
moves over the surface of the other body at a constant
velocity. The contact area is considered to be square.
Under these conditions, the microscopic temperature
rise is given by:

pPV;

Te——R 7
4241J(K, + K,) @

where g = 0.6 is the frictional coefficient, P the load, /
the half-length of the side of the contact area, J the
mechanical equivalent of heat, and K, and K, the
thermal conductivity of the respective bodies.

In addition to the temperature change due to local-
ized plastic deformation and friction, combustion®,
reaction of enthalpy'* and precipitations can also
contribute to the increase in temperature. All these
contributions, however, cannot supply a sufficiently
high temperature for diffusion to proceed.

Effect of diffusivity

Change in diffusivity due to activation energy

Due to the thermal energy of the solid, all the atoms
vibrate about their rest positions. Occasionally a partic-
ularly violent oscillation of an interstitial atom, or some
chance coincidence of the movements of the matrix and
interstitial atoms, will result in a jump. In order to move
an interstitial atom to an adjacent interstice, the atoms
of the parent lattice must be forced apart into higher-
energy positions as shown in Figure 2{a). The increase
in free enmergy is referred to as activation energy.
Activation energy for diffusion is equal to the sum of
the activation energy to form a vacancy and the activa-
tion energy to move the vacancy (Figure 2(b} )}, that is,

AQ = A0+ AQ, ©)

where AQ; is the activation energy for creating vacan-
cies and AQ,, the activation energy for moving vacan-
cies. It appears that in most of MA processes
temperature is not a dominating factor, From equations
(1) and (2), the temperature generated by a collision is
also far from reaching the diffusion temperature.
Therefore, factors other than temperature must
contribute significantly to the diffusion process.

During MA, mechanical energy can be partially
stored by the creation of dislocations and grain bound-
aries in the mechanically alloyed material. There are
two primary classes of point defects: vacancies and
interstitials. If there is sufficient activation energy
present, atoms can move in crystal lattices from one
atomic site to another. As a result of the formation of
large amount of defects (dislocations and vacancies
which are normally generated by thermal energy in
thermally induced diffusion process) due to a high-
energy collision of the powder particles, the total acti-
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Figure 2 Schematic illustration of activation energy

vation energy required by diffusion is lower because the
part of activation energy required to form vacancies
may or may not be required completely as graphically
shown in Figure 2(c). In general, diffusivity’® can be
written as:

_ -AQ
D=D, exp{ RT ] @

where D is the diffusion coefficient, D, the material
constant, AQ the activation energy, R the universal gas
constant and T the temperature. Substituting equation
(3), equation (4) can be rewritten as:

D=, exp[-meR ; AQm)] )

- Equation (5) establishes that at the same value of D,
a decrease in activation energy, such as a decrease in
activation energy to create vacancies, is equivalent to an
increase in temperature. Therefore, it is possible that
activation energy can be significantly lowered by reduc-
ing Q. It is believed that lowering of activation energy
plays a main role in the MA process. In the thermally
induced diffusion, lattice defects may be annealed out
very rapidly, leading to a decrease in diffusion coeffi-
cients. Defects probably contribute little to the increase
in homogenization kinetics in such diffusion processes.
However, defect density during MA increases with MA
duration and therefore significantly contributes to
homogenization kinetics. Taking MA of an Al-Cu
system as an example, the following parameters may be
used**: material constant D, = 1.5%10~° m%s, activa-
tion energy for lattice diffusion Q; = 126 kJ/mole, and
diffusivities D are 1.0307*10-%, m%s at 500 K and
8.8968*10-1* m%/s at 800 K. If defect diffusion is consid-
ered where activation energy is only 82 kJ/mole, the
diffusivity will be 4.071*10-'4 m%/s, which is equivalent
to a diffusion process at 800 K.

Bhattacharya and Arzt® calculated diffusivity. In the
equation, diffusivity includes two parts as formulated in
the following equation:*

* The original equation is
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D =D eXP(- f—‘T] + Bb%pD, exp{— -I%—) ©)

where D, and D, are, respectively, the material constant
for the lattice and the core, Q, and @, are, respectively,
the activation energy of the lattice and core diffusion, b
is Burgers vector, p is dislocation density and B is a core
diffusivity factor. In principle, the model considers the
effect of dislocation accumulation which takes place due
to a large amount of plastic deformation causing
enhancement of the diffusion coefficient due to extra
mobility along the dislocation cores.

Furthermore, it is known3 that at any temperature,
the magnitudes of diffusivity along the grain boundary
(D,) and the free surface (D,) relative to the diffusivity
through defect-free lattice (D)) are such that

D> D, > D M

Equation (7) mainly reflects the relative ease with
which atoms can migrate along a free surface because
surfaces tend to be regions of relatively higher disorder
and lower activation energy for diffusion than the inte-
rior. Figure 3 shows the relationship between diffusion
via the surface, the grain boundary and the lattice®*. It
can be seen that lattice diffusion has the largest slope
and surface diffusion the smallest. As a result, at low
temperatures, surface diffusion dominates over grain
boundary and lattice diffusions. As the temperature is
increased, grain boundary diffusion predominates and
at a higher temperature, lattice diffusion becomes the
principal rout for diffusion®. The change from one
predominant mechanism to another depends upon the
natures of the grain boundaries and surfaces.

The process of MA consists of fracturing and
welding. Hence, at a microscopic level, MA results in
three types of free surfaces for diffusion processes to
proceed during MA. The first type is microcracks.
These can be introduced either by fracture (Figure
4(a)) or by the motion of dislocations (Figure 5).
Figure 5 gives an example of the formation of micro-
crack in a bec structure. Dislocations move along the
slip planes of (101) and (101) to form a microcrack at
the (001) plane. Due to the formation of microcracks,
the internal energy is increased by the increase in

Lattice

Log D

"\ Grain boundary

1/T (T in Kelvin)

Figure 3 Schematic diagram showing the dependence of surface,
grain boundary and lattice diffusions on temperature (after reference
34)
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Figure 4 Formation of microcracks creates free surfaces for surface
diffusion

Figure § Formation of a microcrack by dislocations

surface energy. To stabilize the powder particles (mini-
mize internal energy), the atoms would attempt to
diffuse along the surface of the microcracks to fill the
crack as shown in Figure 4(b). As the process is driven
by the reduction in surface area, the driving force is
reduced when the microcracks are filled by diffused
atoms. This process proceeds throughout the entire MA
processing even after a homogeneous material is even-
tually formed.

Like the first type of free surface, the second type of
macrocrack-like free surface is due to cold welding
between different particles as shown in Figure 6. The
mechanism of diffusion here is similar to the sintering
of powder particles. The difference in radii L and r at
the valley means that the vapour pressure is lower in the
valley than over the rest of the particles and thus atoms
can be transferred through the gaseous phase from the
main surface of the particle to the valley. There is,
however, an outward-acting force on the surface of the
valley due to surface tension y which gives rise to a
stress. According to sintering theory, the magnitude of
the stress is approximately equal to y/r. If the ratio at
the valley is very small, the magnitude of the stress will
be very large.

The third type of free surface is a pre-cold welding
surface, which is actually a mechanically bonded surface
without real welding. Atoms can diffuse along the
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Figuwre 6 Formation of a macrocrack-like free surface by cold
welding between different powder particles

rough free surface to finally form a welded boundary
with the disappearance of mechanical bonding. The
three types of free surfaces will be generated by fractur-
ing and plastic deformation but will disappear as diffu-
sion proceeds.

In addition, fracturing and cold welding during MA
enable different particles to be always in contact with
each other with fresh surfaces. The diffused layer
between different particles is in turn repeatedly broken,
leading to a minimized diffusion distance under high
hydrostatic pressure, which is a major difference from
normal diffusion process. The formation of layered
structure also creates more free surfaces. It is noted that
increased collision pressure results in higher compact
density of the powder particles. The latter leads to
better interparticle contact which should improve inter-
diffusion between particles. It occurs during a collision
event. On the other hand, a lower density results in a
higher surface area in the collision and thus a larger
contribution of surface diffusion to homogenization.
Therefore, it is believed that diffusivity along the free
surface D, dominates the MA process.

Hilda* and Lu?’ have also found that the stored
enthalpy increases with prolonged MA duration. The
decrease in transition temperature from disordered ¥’ to
ordered v’ when MA duration is increased? is the result
of the increase in stored energy.

Change in diffusivity due to crystal size

With prolonged MA duration, a high density of defects
is generated, leading to an increase in microhardness of
the powder particles. Because of large plastic deforma-
tion and repeated fracturing, the crystalline size can be
reduced to a nanometre scale, which normally may be
manifested by the change in width at half of maximum
X-ray peak. As reported by Horvath et al.¥’, measure-
ment of self-diffusivity in nanocrystalline copper
revealed an enhancement of its self-diffusivity by a
factor of about 10!%. This remarkable enhancement may
be understood in terms of the large amount of bound-
aries that provide a connective network of short-circuit
diffusion paths. An enhancement of self-diffusivity in
comparison to boundary diffusion of a factor of about
100 has been reported”, Because a large volume frac-
tion of the atoms resides in the grain boundaries,
nanocrystalline materials have high reactivity and high
diffusivity, thus enabling the alloying of normally
immiscible metals®. Schumacher® found that silver can

be diffused into copper between 303 and 373 K if the
copper crystalline size is in nanometres. This is
normally not possible when ordinary copper is used. It
implies that the diffusivity of nanocrystalline materials
at low temperatures is very high in comparison to mate-
rials with a normal crystalline size. This can be repre-
sented using a simple mathematical expression®*:

Dy = (1 - F) D, + FD, ®

where D, is the effective diffusivity and F the area frac-
tion of short-circuit paths (i.e. grain boundaries) in a
plane perpendicular to the direction of diffusion. It may
be understood that the effective diffusivity can be
increased by decreasing grain size (i.e. increasing the
area of the grain boundaries). This situation is well
promoted in the MA process. If the grain boundary
width is & and grain size d, then roughly, F = 28/d. Still
taking the Al-Cu system as an example, if the thickness
of the grain boundary is 7*10° mm?®, the effective
diffusivity of this system will be increased from
1.03*10-1% to 5.70*10-"3 when the grain size is reduced
from 50 wm to 100 nm.

Using equation (8) grain boundary diffusion takes
place if the following expression is satisfied*:

FD, > (1 - F) D, ®

For such a situation to occur, the grain size must be
small (see the Appendix).

It is believed that diffusivities of stress-free and
deforming samples are different. Under high collision
stress during MA, the lattice parameter in some loca-
tions of the deformed particles can be increased, leading
to a large diffusion path. Consequently the activation
energy required by moving atoms is lowered. The solute
atoms easily diffuse into a diffusion couple under this
high collision stress.

Effect of crystal structure
Diffusivities, in addition to being affected by tempera-
ture, are also dependent upon crystal structure. In
particular, elements with small atomic diameters that
form interstitial solid solutions diffuse very rapidly.
Carbon diffuses faster in fcc iron than in bec iron.
However, more carbon can be dissolved in fce iron than
in bce iron because the bec structure is a less dense
structure. Therefore, although the fcc structure has
more room for the carbon atoms, the passages through
the unit cell are smaller for the movement of carbon.
During MA, the crystal structure of the powder parti-
cles can be changed, resulting in a change in diffusivity.
An example of such occurrence is the mechanically
alloyed CuZnAl alloy from fcc crystal structure a-phase
CuZn pre-alloyed powders and element Al powder®,
During MA, the Al atoms diffused into the CuZn alioy,
resulting in the formation of CuZnAl alloy with low Al
content. With an increase in milling duration, more Al
atoms diffuse into CuZnAl to form a B-phase, which is
a bee crystal structure. As the diffusivity of an a-phase
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structure at 700°C is only about 4.5*10-11 cm?s, while
in a B-phase structure at 550°C it is about 3*10-8 cm?s,
diffusion in the B-phase can be seen to be much faster
than an o-phase.

Conclusions

The key factors controlling the formation of new alloys
are found to be: activation energy, which is related to
the formation of defects during collision of powder
particles with milling balls and vial; temperature, which
is associated with plastic deformation of the powder
particles and sliding between powder particles, and
between high energetic balls and powder particles; and
crystalline size, which is related to the formation of a
nanometre crystalline during mechanical alloying. From
the present study, some primary conclusions may be
summarized as follows:

1. Diffusion is a mechanism of formation of new
alloys during mechanical alloying. The diffusion
process in mechanical alloying, however, differs
from the thermally induced diffusion process. In the
latter process, diffusion is controlled by thermal
energy, but in mechanical alloying, formation of
new alloys is controlled by both thermal and
mechanical energies. During the alloying process, a
large number of defects are created by large plastic
deformation. According to thermodynamic theory,
at a constant temperature, a decrease in activation
energy can result in an increase in diffusivity.
Therefore, a decrease in activation energy is equiv-
alent to an increase in temperature. High diffusivity
can be achieved by creating a large amount of
defects through mechanical alloying. It is suggested
that the decrease in activation energy due to
increase in vacancies gives rise to an increase in
diffusivity, thereby the diffusion process is eased.

2. As the mechanical alloying process consists of frac-
turing and welding, at least three types of free
surfaces can contribute to surface diffusion mecha-
nisms. Because of the formation of more free
surfaces and grain boundaries, surface diffusion,
which is driven by the reduction in surface area and
the radius of the crack tip, dominates during MA.
For thermally induced diffusion processes the
driving forces due to surface tension and surface
stress always tend to be lower with diffusion dura-
tion, while for MA-induced diffusion processes, the
opposite trend can be observed due to the forma-
tion of microcracks and other defects. By creating
nanometre crystailine through repeated fracturing
and cold welding of powder particles, diffusion can
easily take place through the grain boundaries.
Consequently, elements which are difficult to
diffuse may be alloyed using this technique.

3. Grain boundary and free surface diffusions are
always prevalent in the MA process. Although the
diffusion temperature is relatively low, the diffusiv-
ity is very high. Because of small grain size, lattice
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diffusion will be significant only at relatively high
temperatures.

4. With an increase in mechanical alloying duration,
the temperature of the powder particles is raised by
plastic deformation, sliding, chemical, transforma-
tion, precipitation and other reactions. All these
further enhance the diffusion process.

Appendix
For the transition from grain boundary to lattice diffu-
sion, the following criterion should be satisfied;

FD, = (1 - F) D, (A1)
Thus,

D __F

D, (1-F) (A2
Since

ol -AQ

D, = D, exp( =T J (A3)
and

D, =Dy exp( 'ﬁf ) (Ad)

it follows that

F__D _D AQ,-AQ
JERITVN” g S T R...— . N——— A
1-F Db D(I)) [exp RTt'rans ( 5)

Taking the natural log of equation (AS5),

F D)) _AQ -AQ
I e : A
“(wr D(‘)) RT s (40
and
Ty = — 28 7%
F D!
Rlnj ———
1-F D}

To evaluate the transition temperature, the following
data have been taken into account in the calculations®

0, = 126 kJ/mole, @, = 84 kJ/mole, Dy = 1.5%10° m%s,
D°=15D), and =7 A.

Ifd= 50 um

F = 28/G = 2*7*10719/50*10° = 2.8%10°° (A8)
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Ifd=35 pm

F = 28/G = 2*7*10°19/5*%10°6 = 2.8*¥10*

(A9)

From the above it can be seen that grain boundary
diffusion begins to dominate over lattice diffusion
below 649 K if the grain size is 50 wm, or below 923 K
if the grain size is reduced to 5 um. This explains why

for

MA, only boundary and free surface diffusions are

prevalent. Lattice diffusion can be avoided because of
small grain size.
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