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Abstract—The evolution of the structure-related morphological characteristics and fractional composition of
an “Al—2B” composite powder has been studied in the course of the synthesis by the mechanical alloying
method. The internal stresses, specific interface areas, and statistical characteristics of fractional composition
have been determined as depending on the duration of powdered mixture treatment. Mechanisms for devel-
opment of the composition and structure of the composite powder are discussed.
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INTRODUCTION

The use of boron-containing fillers, in particular,
Al—2B composite powders, which are produced by the
self-propagating high-temperature synthesis (SHS
compositions), is a promising way to develop new
high-energy materials. The combustion heat per unit
mass and volume of such composites are, respectively,
no lower and substantially higher than those of hydro-
carbon fuels. However, the use of AI-2B composite
powders can have a marked effect only given appropri-
ate kinetic parameters of ignition and combustion.
These parameters essentially depend on the fractional
composition and structure-related morphological
characteristics of the powders. These characteristics
include the size distribution, shape, and surface state
of composite particles; the degree of the composition
uniformity; and the specific surface area of the inter-
faces between the components.

The most simple and available method for the pro-
duction of Al-2B composite powders is based on
combined mechanical treatment of the components in
cooled activating ball mills [1—3]. The characteristics
of the final product are determined by the process
regime, i.e., the intensity and duration of the treat-
ment, intensity of cooling, composition of grinding
fluid, particle sizes, and physicochemical properties of
initial powders.

The qualitative scheme of the synthesis is universal
for the processes of mechanical alloying used to pro-
duce dispersion-reinforced composite materials [3].
Combined mechanical activation is accompanied by
the intense incorporation of solid submicron boron
particles into the near-surface layers of relatively large

and plastic aluminum particles and, then, composite
particles. Two competing processes proceed simulta-
neously—namely, fracture and “cold welding” of
composite particles. The alternation of these processes
leads to homogenization of the particle composition:
as the treatment duration increases, the distribution of
the components in the particle bulk becomes increas-
ingly uniform. In the long run, a composite powder is
formed with a maximum possible specific interface
area between the components. When mechanical acti-
vation is carried out in a protective grinding fluid, a
surface free of oxide films is formed. Repeated
mechanical action on a powdered mixture results in
the formation of a highly defective atomic structure of
composite particles, with this structure being far from
equilibrium.

Although the mechanical synthesis of composite
powders, i.e., mechanical alloying, has for a long time
been used in the processes of powder metallurgy, it has
begun to be employed for the creation of composite
high-energy materials relatively recently. The synthe-
sis of high-energy composites is distinguished by the
necessity of determining treatment conditions that
would exclude the formation of noticeable amounts of
undesirable chemical transformation products and, at
the same time, ensure required physicochemical prop-
erties and kinetic characteristics of the transforma-
tions of a final product, including its interaction with
oxidizing environments.

It should be noted that the study of the effect of
mechanical activation on the transformation kinetics
of high-energy condensed systems is a rapidly devel-
oping field of the chemical physics of combustion and
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explosion. At present, numerous original works and
reviews have been published devoted to studying the
properties of mechanically activated SHS composites
[4, 5] and pyrotechnic [6] and explosive [7, 8] com-
posites. A number of general regularities have been
determined, such as a dramatic decrease in the tem-
perature of spontaneous ignition and an increase in
the conversion. Hypothetic mechanisms of the influ-
ence of mechanical activation on the transformation
kinetics and the relation of the characteristics of igni-
tion and combustion to the supraatomic structure of
materials are widely discussed [5, 9]. Nevertheless, we
cannot consider the contemporary level of under-
standing these mechanisms to be satisfactory. The
ideas of the “technology—structure—properties”
dependence for mechanically activated high-energy
materials are, predominantly, confined to general
considerations and need to be experimentally substan-
tiated.

Concerning the AlI—-2B SHS composite considered
in this work, it is necessary, first of all, to determine
the characteristics of the powdered mixtures as
depending on the treatment conditions and to formu-
late a detailed quantitative scenario for the formation
of a composite powder. The refinement of this process
via finding out the quantitative characteristics of vari-
ations in the composition and structure of a composite
powder is of not only an academic interest. The prac-
tical concept of the question consists in the substanti-
ation of rational parameters of the synthesis technol-
ogy. The technology must ensure the absence of
noticeable amounts of aluminum borides and prod-
ucts of the interaction with grinding fluid components
and a minimal content of free boron in the final prod-
uct, as well as a necessary fractional composition of
the powder. Therefore, a problem arises concerning
the control over the characteristics of the product by
means of fitting technological parameters. Below, we
present the results of studying the influence of
mechanical activation time on the structure, mor-
phology, and fractional composition of AlI-2B com-
posite powders.

MATERIALS AND METHODS

Powders of ASD-1 aluminum and B-99V amor-
phous boron were used in the experiments. Mixed
powders were treated in an AGO-2U laboratory
water-cooled planetary-type activating mill at a mix-
ture feed of 10 g, a ball feed of 100 g, a cylinder rotation
rate of 1061.5 rpm, and a treatment duration of 3—
21 min. The balls were made of ShKh-15 alloy and had
a diameter of 6 mm. Hexane (reagent grade) was used
as a grinding fluid. Aluminum and boron powders
were mixed in a ratio of 55/45 wt % for 20 min in a
vibrating mill without balls.

The structural and morphological studies were
performed by electron microscopy, X-ray spectro-
scopic microanalysis, and X-ray diffractometry. A
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JSM-6460LA electron microscope equipped with an
attachment for energy-dispersive X-ray spectroscopic
microanalysis (EDAX) was used. The primary elec-
tron beam energy, sample current, and angle between
a sample surface and the detector were 15 keV, 1 nA,
and 40°, respectively. The volume concentrations of
the elements were determined using the ZAF-correc-
tion program. Powder samples of two types were used,
i.e., pellets nearly 1 mm thick prepared with a hand-
power press and placers of particles on a conducting
adhesive tape.

Special samples were prepared to determine the
character of the distribution of boron particles in the
bulk of composite particles and boron contents in
them. Composite powders were mixed with a pow-
dered polymer, and the mixture was pressed and cured
at an elevated temperature. Then, the samples were
polished, and the polished sections were etched by
argon ion beam.

Diffractometric studies were performed with an
EMPYREAN X-ray diffractometer (CukK, radiation)
within an angle range of 5°—140°. Two wavelengths of
1.5406 and 1.5444 A with an intensity ratio in the
spectra of 2 : 1 were taken into account in the calcula-
tions. The full-profile refinement of the calculation
results was performed by the Rietveld method for all
diffraction patters.

The fractional composition of the powders was
determined with a Microtrac S3500 high-resolution
liquid-phase laser diffractometer. Loosely packed
aggregates were eliminated by 3-min ultrasonic dis-
persing.

Before serial experiments, the morphology and the
fractional and chemical compositions were deter-
mined for the purchased aluminum and boron pow-
ders and the same powders subjected to mechanical
activation in hexane.

The particles of the ASD-1 aluminum powder had
an almost spherical shape. The average size of the par-
ticles calculated from their relative-number distribu-
tion was 3.89 um and their specific surface area was
0.33 m?/g, while particles with sizes of 2.4—18.0 um
composed 90% of the sample mass. The basic sub-
stance content was 99.5%. The characteristic thick-
ness of the oxide layer on the particle surface was in a
range of 12—15 nm.

The initial powder of B-99V amorphous boron
contained isometric particles with irregular shapes.
The number-average particle size was 0.56 um, spe-
cific surface area calculated within the model of spher-
ical particles was 1.19 m?/g, and the real specific sur-
face area was no larger than 2.5 m?/g. The basic sub-
stance content was no less than 99%. Initial powder
particles consisted of nanosized crystallites with a
characteristic size of about 5 nm. They contained
chlorine (nearly 0.07%) and trace amounts of metal
impurities and crystalline boron hydroxide. Particles
with sizes of 0.2—10 um composed the majority of the
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Fig. 1. Evolution of relative volume distribution over parti-
cle sizes at mechanical activation times of (a) 3, (b) 9, and
(¢) 21 min.

sample mass, with large particles being represented by
well-distinguishable aggregates.

EVOLUTION OF FRACTIONAL
COMPOSITION AND MORPHOLOGY

Figure 1 shows the distribution of the relative vol-
ume occupied by powder particles over their sizes. As
the treatment duration increases, the distribution,
which is initially bimodal and determined by a large
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Fig. 2. Dependences of statistical averages and median on
treatment duration: (/) volume-average, (2) surface-aver-
age, and (3) number-average particle sizes and (4) median
of relative volume distribution.

difference between the sizes of aluminum and boron
particles, is transformed into a unimodal one. At the
same time, the particles become substantially larger.
The submicron fraction, which mainly contains free
boron, i.e., that unincorporated into aluminum, and
amounts to nearly 6% of the initial mixture, almost
completely disappears at a treatment duration of more
than 7 min. On the other hand, a significant amount
of large particles that were absent in the initial mixture
arise in the system.

The kinetics of the particle enlargement is illus-
trated by the main statistical characteristics presented
for the powder system in Figs. 2 and 3 as depending on
the treatment time. These dependences show that, at
an initial stage of mechanical activation, the average
particle sizes calculated from the distributions of the
relative volume, the surface areas and numbers of par-
ticles, and the width and median of the relative volume
distribution rapidly increase at a treatment duration of
3—7 min. At the same time, the specific surface area of
the powder calculated in terms of the spherical particle
model dramatically decreases.

The process of the composite powder synthesis has
a pronounced two-stage character. As its duration
increases, the particle growth decelerates and the time
scale of the fractional composition evolution increases
drastically. At the second stage, variations in the main
statistical parameters of the fractional composition
appear to be nonmonotonic. The nonmonotonic
dependence on the mechanical treatment time takes
place for not only the average values, but also the stan-
dard deviations and medians of relative volume distri-
butions, surface area, and number of particles in the
composite powder.
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Fig. 3. Dependence of composite powder specific surface
area on treatment duration.

The results of the morphological studies also indi-
cate that the synthesis process has a two-stage charac-
ter. At treatment durations of 3—7 min, particles with
an anisotropic platelike shape compose a substantial
fraction of the mixed powder. As the duration
increases, the fraction of such particles dramatically
decreases. At a treatment duration of 9 min and lon-
ger, the main volume of the powder system is repre-
sented by isometric particles with an acute-angled
habit.

The evolution of the fractional composition and
morphology of the particles of individual aluminum
powder was studied to clarify the reasons for the two-
stage character of the process. Figure 4 shows the elec-
tron micrographs, which illustrate the qualitative dif-
ferences in the particle shapes and sizes of pure alumi-
num and the Al—2B system after 9-min treatment.
Pure aluminum powder contains large platelike parti-
cles, while the particles of the composite powder are
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isometric and have manyfold smaller sizes. The differ-
ences in the particle shapes and sizes increase with the
mechanical activation time.

EVOLUTION OF THE COMPOSITION
AND STRUCTURE OF COMPOSITE
PARTICLES

The X-ray spectroscopic microanalysis data for the
pressed samples are presented in Fig. 5 as depending
on the treatment duration.

It should be clarified that the formal values of the
relative contents of the components obtained for the
pressed samples in no way correspond to the values
averaged over the volume of the powder sample irre-
spective of the treatment time. The averaged values are
characterized by the stoichiometric weight ratio of the
components equal to 55% Al/45% B for all samples.
As a matter of fact, the presented dependences reflect
the kinetics of boron incorporation into aluminum
and the homogenization of the composition of parti-
cles in the composite powder. At an initial stage of the
treatment, the system contains a large amount of free
boron, the powder of which possesses a low bulk den-
sity, occupies a large relative volume, and has a sub-
stantially lower X-ray absorption coefficient than does
aluminum. As a result, the boron concentration aver-
aged over the polished section surface area is markedly
higher than the real one. As the treatment duration
increases, the amount of free boron decreases, and its
percentage in the composite particle bulk approaches
the stoichiometric one.

The content of oxides in treated mixed powers was
estimated as the atomic fraction of oxygen. The
obtained values have appeared to be somewhat higher
than those in the initial powders. This is explained by
oxidation in the course of sample preparation for the
analysis and is caused by the increased chemical activ-
ity of mechanically activated aluminum and boron.
According to the X-ray diffraction data, oxide phases

Fig. 4. Electron micrographs taken from Al powder (a) and AlI—2B composite powder (b) after 9-min treatment.
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occur in the X-ray amorphous state. However, at a
treatment duration of 5—7 min the diffraction patterns
of the powders exhibit a small diffuse peak at angle
20 = 33.05°, which corresponds to the phase of Fe,O;.
The appearance of a small amount of this phase is
associated with wear of the grinding bodies and activa-
tor cylinder walls.

In addition, the results of the diffraction studies
have led to the conclusion that no noticeable amounts
of crystalline aluminum boride, carbide, or nitride
phases are present in the composite powders. Never-
theless, the possibility of the presence of trace
amounts of these phases in the amorphized state can-
not be excluded. It should also be noted that the nar-
row and low-intensity peak at 20 = 28.10°, which was
observed in the diffraction pattern of the initial mix-
ture and corresponded to crystalline boron hydroxide,
has completely disappeared already at the minimal
treatment duration of 3 min.

Boron particles (both initial and incorporated into
the composite powders) occur in the amorphous state.
Reflections corresponding to crystalline boron are
absent in the diffraction patterns of all powders.
Dependences of the main characteristics of the micro-
structure of the aluminum component of the compos-
ite powders on the treatment duration are presented in
Table 1. At an initial stage of the treatment, the coher-
ent-scattering region (CSR) sizes and lattice constant
value drastically decrease, while the second-order
microdeformations, which characterize stresses in
subgrains and mosaic blocks, increase. As the treat-
ment duration increases, the variations in the micro-
structure parameters acquire an oscillating character.
The correlation of the time dependence of the param-
eters remains preserved.

RESULTS AND DISCUSSION

The data obtained enable us to formulate a quanti-
tative scheme for the development of the fractional
composition, structure, and morphology of “Al—-2B”
composite powder. The kinetic of variations in the
component and fractional compositions of the com-
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Fig. 5. Results of X-ray spectroscopic microanalysis for
pressed samples of a mixed powder as depending on treat-
ment duration.

posite powder is governed by the ratio between three
interdependent processes: boron incorporation into
aluminum, fracture of particles, and their aggregation
via the “cold welding” of small particles. At the initial
stage, when the treatment duration is 3—7 min, the
enlargement of particles prevails due to the incorpora-
tion of highly dispersed boron into aluminum and
“cold welding.” The density of relative volume distri-
bution over particle sizes shifts to the right (Fig. 1).

As the treatment time and the fraction of large par-
ticles increase, the particle enlargement process decel-
erates (Figs. 2, 3). The boron content in the bulk of
composite particles and the main characteristics of the
fractional composition are stabilized almost simulta-
neously. At the same time, the particles of the aniso-
metric platelike shape completely disappear. The mor-
phology of the composite powder particles suggests
that their fracture has a quasi-brittle character. Com-
parison of the morphologies of the mechanically acti-
vated particles of pure aluminum and the composite
powder leads us to conclude that the reason for this is
the saturation of the composite particles with boron.

Table 1. Characteristics of aluminum matrix microstructure depending on treatment duration

No. Treatment duration, min CSR size, um Lattice constant, A* Microdeformation, %*
1 0 0.1150 4.0494 (1) 0.03 (1)
2 3 0.1085 4.0487 (4) 0.16 (4)
3 5 0.0395 4.0451 (2) 0.12 (3)
4 7 0.0392 4.0441 (2) 0.13 (2)
5 9 0.0619 4.0475 (5) 0.22(7)
6 12 0.0848 4.0474 (5) 0.26 (7)
7 15 0.0502 4.0470 (6) 0.22 (5)
8 21 0.0434 4.0482 (4) 0.17 (1)

*Instrumental errors are presented in parentheses.
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The growth of the boron content in the composite
particles entails an increase in the yield stress, i.e., dis-
persion strengthening caused by an increase in the
concentration of the barriers hindering the slip of dis-
locations. An approximate qualitative estimate may be
made using expression [10]

Acy, = 1.7Gb/\Ad (1)

which relates yield stress increment AG,, to aluminum
shear modulus G, Burgers vector b, effective distance
A between boron particles, and particle size d. At frac-
tion of boron particles o = 0.4 and characteristic par-
ticle size d = 0.5 um, the calculation by relation (1)
yields a Ao, value of about 100 MPa.

On the other hand, an increase in the boron con-
tent must lead to a decrease in the ultimate strength of
the composite material because of a decrease in the
strength of aluminum—boron adhesion contacts due
to the presence of an oxide film on the boron particle
surface and the adsorption of grinding fluid compo-
nents at the interface. Ignoring adhesion, the ultimate
strength may be estimated by the following relation
[11]:

6, = o, (1—pa’’), )

-3
where o0 = (1 + A and B is the coefficient of the order

of unity (for regular cubic packing of dispersed parti-
cles, B = 1.21). Typical values of the ultimate strength
and yield stress for aluminum having a characteristic
block size on the order of 0.1 um and containing small
amounts of iron, silicon, and magnesium lie in the
ranges of 6,,, = 170—220 MPa and ¢, , = 80—120 MPa
[12]. The calculations by relations (1) and (2) show
that the thresholds of the strength and plasticity
approach each other at a relative volume concentra-
tion of boron lying in a range of 0.20—0.25. As the
boron content rises, the yield stress becomes higher
than the ultimate strength and the fracture acquires a
quasi-brittle character. The intensity of particle frac-
ture increases, and, at a boron content in aluminum
particles close to stoichiometric, the processes of frac-
ture and “cold welding” are equilibrated, and the frac-
tional composition is stabilized. Relatively with each
other small oscillations of the average statistical char-
acteristics of the system seem to be associated with the
dependence of the yield stress and ultimate strength of
aluminum on the parameters of the block structure.

The evolution of the block structure of the alumi-
num component of the composite powder is governed
by the competition of grain fragmentation and
dynamic recrystallization. The dramatic decrease in
the CSR sizes at the initial stage of the treatment is
related to the development of strong compressive
stresses in the particle bulk, with these stresses mani-
festing themselves as a decrease in the lattice constant.
The maximum compressive stresses are realized at a
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mechanical activation time of 7 min and the minimal
size of the CSR. The estimation of the maximal stress
under the assumption that the material occurs in the
state of a uniform compression gives a value of about
240 MPa. At the stage of nonmonotonic variations in
the structure parameters at treatment durations of 9—
21 min, the stresses vary within a range of 50—100
MPa, thereby corresponding to specific energies of
elastic deformation of 12.5—-25.0 J/g.

Defects in the bulk of Al crystallites, as well as
interfaces and intercrystallite boundaries also contrib-
ute to the excess free energy of composite powder par-
ticles. Commonly, the contribution from the defects in
the bulk of nanosized crystallites may be ignored,
because the high stresses squeeze mobile defects into
intercrystallite regions during the formation of the
block structure. In the case of AlI-2B composite pow-
ders, this is confirmed by relatively low values of the
Debye—Waller factor, which characterizes the root-
mean-square shift of aluminum crystal lattice atoms
from the equilibrium positions.

Under ignorance of adhesion, the maximal values
of the specific interfacial energy in composite particles
may be estimated using the sum of aluminum and
boron surface energies. At an average boron particle
size of 0.5 um, which agrees with the data of electron
microscopy, this results in a value of about 5 J/g at a
treatment duration of more than 7 min. At a low con-
tent of free boron in the system, the contribution from
the interfacial energy must be almost constant.

The obtained experimental data do not yield a
direct assessment of the free energy of intercrystallite
interfaces. However, the surface stresses (mechanical
surface tension) may be evaluated [13]. Assume that
the aluminum matrix has a regular cellular structure,
each cell of which contains a crystallite, the size of
which is equal to the CSR size, surrounded with a thin
layer of a grain-boundary phase. It follows from the
mechanical equilibrium condition that the normal
stresses at a cell boundary are equal to zero, while the
stresses in the plane of the boundary are continuous.
Within the framework of this model scheme, the pres-
sure in a crystallite and the surface stress are related by
the Laplace equation. The corresponding assessments
yield the maximum value of the surface stresses of
2.3 N/m upon a 7-min treatment, values lying in a
range of 1.3—1.8 N/m at treatment for 9—15 min, and
0.8 N/m at a treatment time of 21 min, with the
described time dependence being nonmonotonic. The
high level of the surface stresses at intermediate treat-
ment times is mainly due to the nonequilibrium state
of the boundaries. The stress relaxation in the course
of time is associated with a decrease in the degree of
the nonequilibrium during the dynamic recrystalliza-
tion.

On the other hand, the area of the intercrystallite
boundaries reaches a maximal value of 30 m?/g at
treatment time 7= 7 min, acquires a minimum value of
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14 m?/g at t = 12 min, and increases again to 28 m?/g
at = 21 min. Thus, the first stage is ended by the for-
mation of ultimately ground and strongly nonequilib-
rium block structure of the aluminum component.
Then, the area of the interfaces and the surface stresses
vary nonmonotonically. At the maximum duration of
treatment, the grinding of the structure is accompa-
nied by a decrease in the surface stresses, which may
be explained by an increase in the fraction of the low-
energy small-angle boundaries in the course of the
secondary fragmentation of grains.

It should be noted that the values of the free energy
of large-angle boundaries of grains in aluminum poly-
crystals commonly lie in a range of 0.5—0.7 J/m? [14],
so that the contribution of the boundaries to the total
excess energy of composite particles does not exceed
20 J/g. At the same time, the fraction of atoms in the
grain-boundary phase is rather large: at a boundary
width of 1 nm a relative free volume of 6%, which is
characteristic of large-angle grain boundaries in alu-
minum polycrystals [15], it amounts to several per-
cent.

The above-presented estimates cannot pretend to
an exact quantitative description of the evolution of
the mechanical properties and structure of the com-
posite particles. They only illustrate the causes and
interrelation of the processes that result in the forma-
tion of the internal structure of particles and the frac-
tional composition of a composite powder. Concern-
ing the energy characteristics, it should be noted that
the total excess energy of a powder is two orders of
magnitude lower than the heat of the reaction between
aluminum and boron and cannot play a significant
role in the energy balance of the transformation. How-
ever, the value of the excess energy of the defective
structure is a sign of an increase in the reactivity and a
change in the thermophysical characteristics of the
aluminum component. In particular, determination of
the melting temperature of aluminum contained in the
composite powder has shown it to be reduced by more
than 100 K.

CONCLUSIONS

The method of mechanical alloying has been
employed to synthesize SHS composite powders with
an Al-2B composition. The structure-related mor-
phological characteristics and fractional composition
of the mixed powder have been studied as depending
on treatment duration. It has been found that the syn-
thesis process has a pronounced two-stage character.
At the first stage, solid highly dispersed boron particles
are intensely incorporated into aluminum, the parti-
cles are enlarged, and the block structure of the alumi-
num component becomes finer. Then, the main statis-
tical parameters of the fractional composition, the
parameters of the block structure, and the relevant
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excess energy of the composite powder vary non-
monotonically.

The fractional composition results from the bal-
ance established between the rates of fragmentation
and “cold welding.” The rate ratio between these pro-
cesses is governed by the degree of particle saturation
with boron and, to a lower extent, parameters of the
block structure. The evolution of the block structure
is, in turn, determined by the competition of grain
fragmentation and dynamic recrystallization, the rates
of which also depend on the content of boron and the
size of crystallites. At the initial stage, a decrease in the
CSR size is associated with the generation of strong
compressive stresses in the bulk of crystallites. At the
second stage the stresses relax; however, they remain
rather strong. Evaluation of the excess energy has indi-
cated that the reactivity of the composite powder can
be substantially increased and the melting temperature
of the aluminum matrix can be decreased.
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