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Abstract—The morphology, dispersion, structure, and average particle size of aluminum powders after mech-
anochemical treatment with different organic modifiers (graphite, stearic acid, and polyvinyl alcohol) are
investigated by electron force microscopy, X-ray phase analysis, IR spectroscopy, EDX, and granulometric
analysis, which show significant changes in the particle surface layer. It is stated that the mechanochemical
treatment of aluminum with organic additives leads to the partial reduction of the surface oxide layer and sev-
eral types of active centers able to enter chemical reactions when using these composites in the composition of
various combustible mixtures are formed. It is found that upon an increase in the content of modifiers, i.e.,
graphite and polyvinyl alcohol, in the composite with these additives, the activity of aluminum increases. The
increment of the activity index falls with an increase in the content of stearic acid in the Al composite. This may
be because a dense encapsulating layer poorly soluble in alkali is formed when grinding the Al–C17H35COOH
mixture with a large amount of stearic acid (more than 5%). Both the accumulation and redistribution of
defects over the particle bulk, an increase in amount of active aluminum, and the formation of active centers
and the encapsulating layer based on organic modifiers occur during the mechanical action in powders of the
compositions under study.

Keywords: mechanochemical treatment, aluminum, modifier, graphite, stearic acid, polyvinyl alcohol, com-
posite, active centers
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INTRODUCTION
Mechanochemical treatment (MCT) occupies an

exclusively important place among the multitude of
methods of affecting the solid body in order to change
its state; structure; and, correspondingly, properties,
in particular, reactivity, and constitutes the basis of
many manufacturing processes of materials with spec-
ified properties [1, 2]. When processing materials in
mills, the trituration of the particles is accompanied by
a change in their energetic state, i.e., activation, and
the interaction between the mixture components,
which results in the synthesis of new materials [3].
Dislocations are formed and migrate in the triturated
material during the MCT in highly energy-intensive
mills, and the regions of microplasticity with the par-
tially destroyed structure appear. Cracks are formed
and developed after the elastic and plastic deformation

of the particles, which causes the destruction of the
solid body (i.e., trituration). Herewith, interatomic
bonds break, and a fresh surface is formed. The appear-
ance of the highly active short-lived state on the surface,
breaking of the chemical bonds, and an increase in the
surface during the powder trituration, separately or all
together, can cause the chemical interaction between
the components of the triturated mixture [3–5].

All processes of the structural reconstruction and
chemical interaction start on the surface, while the
rate of heterophase reactions is known [1] to be propor-
tional to the surface area of the solid body. It is enriched
by defects and radical centers, which enter various
interactions with gaseous, liquid, and solid compo-
nents, leading to the change in the surface structure
(i.e., modification) due to their high reactivity.
450
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The broad abilities of the MCT, in which nonther-
mal low-temperature reactions prevail, are illustrated
by the fact that refractory substances and intermetallic
compounds, inorganic and organic compounds were
synthesized in the solid phase without the dissolution
or melting of reagents, and new composition materials
were formed [2, 5–7]. It is proven that various energy-
enriched intermediate states, with the further decom-
position of which a considerable part of heat is liber-
ated, appear first and foremost during the deformation
and destruction of solid bodies. The so-called black
box occurs between the work and heat, and if the
energy is supplied to it more rapidly than it is con-
verted into heat, then various and unexpected chemi-
cal transformations can be realized [8].

Modification of powder particles directly during
trituration is one of the MCT directions of inorganic
materials [2]. This process makes it possible to simul-
taneously bring the material to the required degree of
dispersity, dedicatedly form various surface centers,
modify the surface and dispersed particles, and
acquired plastic well-formable masses. The MCT
extends the spectrum of modifiers used. The volume
of research and publications in press, as well as pre-
sented at international conferences on mechano-
chemistry, grows each year, which reflects the pros-
pects and efficiency of studies in this direction [9–11].

Much attention has been paid in recent decades to
the use of the MCT of metallic powders, including
aluminum ones [12, 13]. Such interest is caused by
their application in various energy systems. However,
the dense oxide film on the surface of aluminum par-
ticles hampers the ignition of compositions, which
causes the low combustion rate. To remove the oxide
film or decrease its thickness, different methods are
applied, one of which is the MCT [14, 15]. Not only
does the particles size decrease during the MCT, but
the contact area between the reagents increases, the
oxide film is removed from the particle surface, and
defects are accumulated in the material volume (pro-
viding an increase in the chemical activity of powders).
Herewith, it is important to choose the optimal pro-
cessing conditions of powders in the mill: the time,
ratio of weights of balls and powder, and the type and
mass fraction of the modifying agent.

The goal of this study was to investigate the struc-
tural changes of the surface layer and chemical activity
of aluminum powder particles during the MCT with
various modifying additives, which promote the tritu-
ration of metallic particles, the change in surface mor-
phology and composition, and the increase and stabi-
lization of the active state of aluminum.

EXPERIMENTAL

Investigations were carried out using aluminum
powder of PA-4 grade with an average particle size of
50 μm. Graphite (C), polyvinyl alcohol (C2H3OH)n
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(PVA), and stearic acid C17H35COOH (SA) served as
an organic modifying reagent.

The MCT was performed in a Pulverisette 5 cen-
trifugal planetary mill (CPM) (FRITSCH, Ger-
many): the steel working chamber volume is 500 cm3,
the revolution rate is 400 rpm, and the acceleration is
40 g. Steel balls were used to triturate the powders. The
treatment was performed in air with the weight ratio of
powder and balls Mp/Mb = 1/4. The amount of modi-
fying additives was varied during the trituration (3–
20%). The process time was 20 min—this is the opti-
mal value to exclude self-ignition and was selected by
the results of previous investigations [16, 17]. To pre-
vent the oxidation of aluminum particles by air oxygen
after the MCT and evaluate the variations actually
associated with the mechanical effect, the samples of
the dispersed mixture were passivated with hexane
(C6H14).

RESULTS AND DISCUSSION
Figure 1 shows the electron microscopy image,

energy dispersive spectrum, and weight fraction of ele-
ments of the initial aluminum powder. The Al particles
are spherical, and, according to the results of the
energy dispersive analysis of the initial powder, the
amount of metallic aluminum is 89.93 wt % and that
of oxygen is 10.67 wt %. The presence of oxygen atoms
evidences the presence of a rather dense oxide film on
the particle surface.

The particles have a platelet (scaly) shape of differ-
ent thicknesses after the MCT of aluminum with
graphite and PVA. The Al particles treated in the pres-
ence of SA remained partially spherical (Fig. 2).

The amount of oxygen after the MCT does not
exceed 2.96% in the Al–3% C composite, 3.34% in
the Al–(C2H3OH)n composite, and 3.93% in the
C17H35COOH composite according to the results of
the EDX analysis. The oxygen content in the initial Al
powder was 10.67% and, consequently, its particles in
the surface oxide layer partially reduce during the
MCT of aluminum with modifying additives.

The excess of the carbon content in the composite
after the MCT when compared with its introduced
amount is associated with the fact that the modified
surface layer of aluminum particles is saturated with a
passivating agent (hexane C6H14) during the MCT.
This effect manifests itself most considerably when
using stearic acid.

Aluminum is triturated during the MCT. Its parti-
cle size distribution both before and after the treat-
ment was determined using a Mastersizer 2000 device
(Malvern Instruments, Great Britain). In contrast
with the average particle size of the initial powder d =
50 μm, that of aluminum treated with 3% C for 20 min
decreases to 36.0 μm, while d = 16.1 μm in the case of
3% PVA and d = 38 μm for the MCT with 3% SA. The
Al particle size decreases to 15 μm after the MCT, with
l. 59  No. 4  2018
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Fig. 1. Characteristics of the initial aluminum powder of the PA-4 grade. (a) Electron microscopy image and (b) weight fraction
of elements. Here and below, (b) should be retained (not redrawn).
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an increase in the graphite content to 20%, and, cor-
respondingly, the specific powder surface (Ssp) mea-
sured by the BET method increases (Table 1).

On the contrary, the particle size in the samples
treated with PVA and SA increases to 30 and 45 μm,
respectively. This is caused by the fact that the parti-
cles simultaneously agglomerate and triturate in such
cases, causing a decrease in Ssp. The obtained forma-
tions have a layered structure. However, the specific
surface of aluminum particles treated with 20% PVA
increases by an order of magnitude, which is associ-
ated with the destruction of their agglomerates.

To evaluate the substructural features of aluminum
particles after the MCT, we investigated the crystallite
sizes (L) by the Scherrer method according to the
RUSSIAN JOURNAL 

Table 1. Specific surface and crystallite size of aluminum
after the MCT of Al–modifier composites

Composite composition Ssp, m2/g L, Å

Аlinit 3.692 560
Аl–3% С 4.379 410
Аl–5% С 4.843 490
Аl–10% С 7.955 540
Аl–20% С 9.554 690
Аl–3% PVA 4.979 374
Аl–5% PVA 1.485 408
Аl–10% PVA 1.303 415
Аl–20% PVA 14.48 343
Аl–3% SA 5.310 500
Аl–5% SA 4.371 500
Аl–10% SA 3.167 700
Аl–20% SA 2.568 700
results of the X-ray phase analysis (XPA) and revealed
that they vary during the MCT depending on the type
and amount of modifier. The oxide film covering the
Al particles is first and foremost destructed during the
mechanical trituration of aluminum [18]. Aluminum
oxide is crushed in zones of elevated stresses, and its
fragments can concentrate in gaps between aluminum
particles and along subgrain boundaries or move in the
grain bulk in the plastic deformation direction [19].
This phenomenon causes the further crushing of sub-
grains.

In addition, both the accumulation and redistribu-
tion of defects over the particle volume occur during
the mechanical effect. The MCT of aluminum with
graphite results in crystallite growth with an increase
in the carbon content in the Al–C composite. This can
be attributed to the fact that carbon atoms penetrate
the aluminum particle grain during the MCT and dif-
fuse along with defects over its bulk under the effect of
mechanical stresses. It is highly likely that this process
promotes the escape of defects on the particle grain
boundary and, consequently, the crystallite size rise
[20]. The total tendency to a decrease in the size of
crystallites of Al particles is observed for the sample
treatment with Al–PVA, while an increase is alterna-
tively observed for the MCT with Al–SA with an
increase in amount of the modifying additive.

The cause of the crystallite growth can be also the
sink of dislocations generated during the mechanical
(force) effect on the sample surface into the zones
where the Al particle chemically interacts with organic
modifier additives and an encapsulating layer protect-
ing the particle against oxidation forms on the alumi-
num surface.

Spectroscopic analysis methods allow us to under-
stand the interrelation between the elements repre-
senting different functional groups, of which the sur-
OF NON-FERROUS METALS  Vol. 59  No. 4  2018
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Fig. 2. Structural characteristics of composites after the MCT. (a, b) Al–3% C sample, (c, d) Al–3% (C2H3OH)n sample, and
(e, f) Al–3% C17H35COOH. (a, c, e) Electron microscopy images and (b, d, f) energy dispersion spectra and weight fraction of
elements.
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face structure of material particles is formed. Figure 3
shows the IR spectra of powders under study. Lines of
stretched and deformation vibrations of the hydroxyl
group –OH in region ν = 3400 and 1600 cm–1 are
present in IR spectra for aluminum in the initial state
RUSSIAN JOURNAL OF NON-FERROUS METALS  Vo
(Fig. 3a). An average signal of deformation vibrations
of the δаsАl–ОH compound is observed at a frequency
of 1186 cm−1. Consequently, the surface layer of Al
particles contains not only aluminum oxide, but also
hydroxide. The intensity of the signal of hydroxyl
l. 59  No. 4  2018
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Fig. 3. IR spectra of powders under study—(a) initial and (b–f) after the MCT. (a) Alinit, (b) Al–3%C, (c) Al–3% C2H3OHn,
(d) Al–20% C2H3OHn, (e) Al–3% C17H35COOH, and (f) Al–20% C17H35COOH.
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Table 2. Active aluminum content in the composition of
Al–modifier composites after the MCT

Composite composition , %

Alinit 97.70
Аl–3% С 96.90
Аl–5% С 95.90
Аl–10% С 90.35
Аl–20% С 88.06
Аl–3% PVA 91.00
Аl–5% PVA 95.50
Аl–10% PVA 86.05
Аl–20% PVA 89.05
Аl–3% SA 98.90
Аl–5% SA 96.75
Аl–10% SA 85.80
Аl–20% SA 79.95

actAlС
groups –OH after the joint mechanical treatment of
aluminum powders with 3% graphite decreases three-
fold (Fig. 3b); i.e., the partial removal of hydroxide
from the particle surface occurs.

Considerable variations in the IR spectra are
observed after the mechanical activation of the Al–
PVA sample (Fig. 3c). Absorption bands, referred to
vibrations of –CH3 and –CH2 groups (ν = 2917.20 and
2849.92 cm–1), and clear bands ν(ОН) of a water mol-
ecule (1681 cm–1) and carboxylate ion (1466.40 cm–1),
as well as absorption bands of primary, secondary, and
tertiary alcohols at ν = 1385 and 1417 cm−1, occur on
the surface of aluminum powders.

The intensity of fundamental lines, which were
observed in the spectrum of the Al–3%C composite,
enhanced considerably. This is especially attributed to
the hydroxyl group –OH (3400 cm−1). The MCT of
aluminum with polyvinyl alcohol resulted in an
intense absorption band at a frequency of 1018.93 cm−1,
which is attributed to the Al–O group. These spectra
are a result of PVA destruction under the mechanical
effect and formation of radical groups on the particle
surface.

The intensity of almost all absorption bands,
including those of hydroxyl groups, decreases with an
increase in the amount of PVA in the Al composite
(from 3 to 20%) (Fig. 3d). These changes in the struc-
ture of the surface layer are possibly caused by the
interaction of PVA with hexane, which provides
the additional dispersal of particles and an increase in
the specific surface area, which causes a decrease
in the amount of organic groups per unit of the newly
formed active surface.

Similar structural changes of the surface are also
observed for the joint treatment of aluminum with
3% SA (Fig. 3e). Basic surface centers are formed on
the broken surfaces of Al particles during the MCT,
and clear bands ν(ОН) and δ(ОН) of molecules of the
coupled OH group appear at frequencies of 3400 and
1632 cm−1. Strong intense signals of carboxylate ions
with vibration types νаs С–О and νs С–О are observed
at ν = 2954, 2917, and 2849 cm−1. Similarly to compo-
sition Al–3% PVA, a signal from the Al–O group—but
shifted from 1018.93 cm−1 to 1022.41 cm−1—is fixed.
There are also some low-intense signals on the right
slope of the fundamental CH2 band (the pendulum
oscillation) in the range ν = 770–720 cm−1.

The intensity of absorption bands from hydroxyl
groups, especially at ν = 3464 and 1701 cm−1,
increases with an increase in the SA content in the
treated system to 20% (Fig. 3f). In addition, we
observed numerous signals from stretched asymmetric
vibrations of aliphatic –CH3 groups (2955 cm−1) and
stretched symmetric vibrations of aliphatic –CH2
groups (2849 cm−1). Absorption frequencies of 1346
and 1431 cm−1 are attributed to carbonyl groups, and
RUSSIAN JOURNAL OF NON-FERROUS METALS  Vo
the band at 1701 cm−1 belongs to stretched vibrations
of С=O groups. When compared with the sample con-
taining 3% SA, intense bands of low-frequency vibra-
tions of –CH groups are clearly pronounced for the
Al–20%SA composite in the range ν = 720–540 cm−1.
However, the bands of deformation vibrations of Al–
O–Al appear instead of Al–O in range ν = 990–
715 cm−1. The MCT of the Al–20%SA sample
increases the signal intensity of almost all groups,
including –ОН, –СН2, СН3, –С–О, and –С=О.

Thus, the results of IR spectroscopy of mechano-
chemically treated and modified aluminum powder
showed that considerable changes in the structure of
the surface layer of Al particles occur during the MCT.
Several types of active centers, which are able to enter
chemical reactions when using these compositions in
the composition of various combustible mixtures, are
formed during the mechanical activation of aluminum
with organic additives. It is shown by the example of
the Al–SA composite that the intensity of absorption
bands from various groups considerably increases with
an increase in amount of the modifier in its composi-
tion, which evidences an increase in the thickness of
the organic layer on the particle surface.

The active aluminum content ( ) in the com-
position of powder triturated in a mechanical reactor
and modified with organic additives was evaluated
using the volumetric method by the liberation of
hydrogen during the interaction of aluminum with
20% aqueous sodium hydroxide solution [21]. The
solid product of the reaction is pseudoboehmite
AlOOH.

The content of active aluminum in compositions
under study with various modifiers varies in the limits
of 79.95–96.9% (Table 2). Herewith, we should take
into account that the weight fraction of aluminum in

actAlC
l. 59  No. 4  2018
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Fig. 4. Relative index of the increment of active aluminum
in composites (1) Al–C, (2) Al–SA, and (3) Al–PVA after
the MCT.
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mixtures under study decreases from 5 to 20%; i.e., an
increase in the active aluminum content in the com-
posite with respect to initial aluminum takes place in
all cases. This is primarily caused by the fact that the
oxide film on the Al particle surface is partially
reduced by a carbon modifier during the MCT, and
the active aluminum content in the composite
increases due to this process.

The absence of a stable regularity in the variation in
the active aluminum content in the composite
depending on the modifying additive content during
PVA and SA treatment can be associated with the for-
mation of the organic encapsulating film on the parti-
cle surface.

The relative index of the active aluminum incre-
ment in the Al–modifier composite can be evaluated
according to the formula [22]

where Jx and J0 are experimental active aluminum
contents in the Al–modifier composite and initial
aluminum powder, respectively, %; and ωAl is the
weight fraction of aluminum in the Al–modifier
composite, %.

Figure 4 shows the dependence of the relative
increment of the aluminum activity after the MCT of
the Al–modifier mixture on the organic additive con-
tent in it. The best result (11.34%) was observed to the
Al–20%C composite.

Relatively high index ∆J = 10.89% is also observed
in the Al–20% PVA composite, while it was only
1.79% for the Al–20% SA sample. The largest incre-
ment in the aluminum activity during the MCT of alu-

Δ = − 0 Alω ,
100x

JJ J
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minum with SA is fixed only for a content no higher
than 3%.

It follows from our data that the aluminum activity
increases with an increase in the carbon and PVA con-
tent in the Al composite. However, its increase in the
case in the case of SA additive lowers this index, which
can be associated with the fact that a dense encapsu-
lating layer poorly soluble with alkali is formed on the
surface of aluminum particle during the trituration of
the Al–SA mixture with a large SA amount (more
than 5%).

CONCLUSIONS
Thus, a complex analysis of activated and modified

aluminum powders showed that the particle surface is
saturated by solid solutions of carbon-containing
compounds during the MCT. The modification of the
surface makes it possible to exclude the defect sink
from the particle bulk on its surface, i.e., to fix an
active state of metallic particles and energy intensity of
the system in general.

The use of such powder materials is efficient, in
particular, when fabricating SHS composites with
increased chemical activity [16, 17] and for various
energy-intensive systems of various applications
(explosives and solid rocket fuels).
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