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Mechanism of mechanochemical reactions in
malachite-active metal systems
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Abstract

Mechanically activated mixtures of some hydroxocarbonates with powder, metallic aluminium caused chemical reactions,
which result in alloy formation. The identification of phases formed during milling was successfully achieved by thermal
analysis methods supplemented by X-ray diffraction measurement.
© 2002 Published by Elsevier Science B.V.
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1. Introduction

Mechanical impulse operating in the solid–solid
system can initiate or intensify chemical reactions.
This action is defined as a mechanical activation. To
accomplish indispensable high energy milling devices
such as planetary or vibrational mills are used[1].
Simultaneously, actions of stroke and friction cause,
besides comminution, changes of physicochemical
properties of ground materials. It involves the excess
energy accumulation in solids. As a consequence,
favourable conditions are formed to proceed chemical
reactions between components of the milling system.
Thus, processes that require high temperature can
occur without externally applied heat[2–9].

Nowadays, reactive milling can be used to produce
various alloys[10–13]. Mechanical alloying describes
the process when mixtures of powders (different met-
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als or other compounds) are milled together. More-
over, mechanical activation is a perspective way for
catalyst synthesis[14].

Because of a lot of interesting features of the
mechanochemical reactions the main thing is esti-
mating the phase composition of products of milling.
The aim of this research is the recognition of types
of chemical reactions and physical transformations
that occur during activation of the system of cop-
per hydroxocarbonate with powder aluminium in a
planetary mill.

2. Experimental

2.1. Materials

Copper hydroxocarbonate (malachite) was obtained
by precipitation from aqueous solution[15]. Alu-
minium was a commercial reagent (99 wt.% pure) in
a powder nanocrystalline form. Two systems of salt
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with metal, Cu2(OH)2CO3–Al0, have been prepared
as physical mixtures with 20 and 3% of aluminium
by weight, respectively.

2.2. Mechanical activation of samples

A laboratory planetary mill with steel balls was
used. Ball to powder weight ratio was of 14:1. The
velocity of the ball was of 3.20 m s−1. The two vials
were rotated at 1130 rpm. Grinding was carried out in
the range 3–15 min in air, at ambient temperature and
atmospheric pressure[16].

2.3. Apparatus and procedure

Thermogravimetric analyses of the samples were
carried out on a Mettler thermobalance TG-50 in
a Mettler TA-4000 system. Records were obtained
with samples heated up to 950◦C in air at a rate
of 24◦C min−1, in an open platinum crucible. The
sample size was about 20 mg.

Differential thermal analysis was made in helium
(under the same conditions as thermogravimetric mea-
surements) using a Universal V2.5H TA instrument.
X-ray powder diffraction patterns were obtained us-
ing a Philips X’Pert diffractometer (Cu K�) in the 2θ

range 10–60◦.

3. Results and discussion

In the system Cu2(OH)2CO3–Al0 with 20% of alu-
minium the mechanical impulse creates a larger dif-
ference in physical effects and chemical reactions than
in the system with a smaller amount of aluminium
(3%). It has been proved by the identification of the
solid state products of milling. For phase analyses the
X-ray diffraction method was used. Although thermal
analyses are more universal because they offer the
possibility of identifying highly defected or amor-
phous phases, which often appear during mechanical
activation.

The X-ray diffraction patterns of mixtures with 20%
amount of Al0 after 3 and 15 min of milling are shown
in Fig. 1a and b, respectively. After 3 min, the presence
of crystalline alloy phases—CuxAly, besides of alu-
minium and hydroxocarbonate (initial components of

Fig. 1. X-ray diffraction patterns of Cu2(OH)2CO3–Al0 (20 wt.%
Al) mixture after mechanical activation for different times: (a)
3 min and (b) 15 min. (�) Cu2(OH)2CO3, (�) CuO, ( ) Al, ( )
Cu9Al4, ( ) CuAl2.

the milled system) is observable. Activation for 15 min
shows only alloy phases in crystalline forms.

The presence of alloys after mechanical activation
of Cu2(OH)2CO3–Al0 system requires to elucidate the
mechanism of their formation

xCu0 + yAl0 → CuxAl y (1)

(e.g. for Cu9Al4 [10]: �H298 = −8 kJ mol−1). For
this synthesis, besides Al0 (initial component of the
system), the presence of metallic copper is necessary.
Cu0 forms in the aluminothermic reduction of cop-
per(II) oxide

3CuO+ 2Al0 → 3Cu0 + Al2O3

�H298 = −1179 kJ mol−1 (2)

The presence of copper oxide is a result of decompo-
sition of copper hydroxocarbonate caused by mechan-
ical treatment

Cu2(OH)2CO3 → 2CuO+ H2O + CO2

�H298 = −82 kJ mol−1 (3)
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Fig. 2. Two sets of thermoanalytical curves of mixture Cu2(OH)2CO3–Al0 (20 wt.% Al) after mechanical activation for 3 min in (a) helium
and (b) air.

The complexity of these processes is induced by the
chemical activity of nanocrystalline aluminium. Their
occurrence is possible because of the heat emission
during oxidation of parts of aluminium in air atmo-
sphere according to the reaction:

4Al0 + 6O2 → 2Al2O3 �H298 = −1675 kJ mol−1

(4)

It might be recognised that the high heat accelerates
the decomposition of hydroxocarbonate, initiates the
metallothermic reduction of copper(II) oxide and fa-
cilitates the mechanical alloying process.

The heat emission in reaction 2 is an additional fac-
tor which favours the mechanical alloying. The proof
of our thesis was provided by a strong exothermic
peak in the temperature range 550–650◦C observed

Fig. 3. TG curves of Cu2(OH)2CO3–Al0 (20 wt.% Al) mixture
after mechanical activation for different times: (—) 3 min and (- - -)
15 min.
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Fig. 4. X-ray diffraction patterns of Cu2(OH)2CO3–Al0 (3 wt.% Al) mixture after mechanical activation for 15 min.

in the DTA curve (Fig. 2a) of mixture containing
Cu2(OH)2CO3 and Al0. The measurement was carried
out in helium in order to avoid the exothermic oxida-
tion of aluminium. The oxidation of aluminium in air
is confirmed by the increase of mass at about 600◦C
shown in the TG/DTG curves (Fig. 2b).

The content of alloy in the tested systems increase
with the time of milling. Therefore, the TG curves for
the mixture of Cu2(OH)2CO3 with 20% Al0 after 3
and 15 min of milling are compared inFig. 3. Thus,
the thermogravimetric curve of mixture for 3 min
activation shows besides of alloy oxidation at about
800◦C, the dehydration of aluminium oxide in the

Fig. 5. TG/DTG curves of Cu2(OH)2CO3–Al0 (3 wt.% Al) mixture after mechanical activation for 15 min.

Table 1
Phase composition of ground mixture Cu2(OH)2CO3–Al0 (20 wt.%
Al) after mechanical activation for different times

Phase Composition (wt.%)

3 min 15 min

Cu2(OH)2CO3 41 0
Al2O3·3H2O 4 0
CuO+ Cu (in alloy) 27 61
Al2O3 + Al (in alloy) 21 39
Al0 7 0
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range 100–200◦C, thermal decomposition of hydrox-
ocarbonate at 350◦C and the aluminium oxidation at
about 600◦C. After 15 min activation, only the alloy
oxidation effect is observed. Complete phase com-
positions of the investigated system are presented in
Table 1.

The amount of aluminium in the mixtures of
Cu2(OH)2CO3–Al0 was a crucial factor which de-
cides what occurs in the mechanical alloying process.
In the system with 3% aluminium the alloys were
not observed. The X-ray analysis (Fig. 4) of mixture
after 15 min of activation showed only the pres-
ence of copper oxide. However, the TG/DTG curves
shown inFig. 5 reveal the presence of undecomposed
hydroxocarbonate and hydrated aluminium oxide.
Cu2(OH)2CO3 became amorphous by the mechanical
impulse action. Therefore, one cannot observe the
peaks of malachite in the X-ray diffraction patterns
in Fig. 4.

4. Conclusions

Investigations of the mechanical activation effects
in the system Cu2(OH)2CO3–Al0 performed on the
basis of the solid product identification reveals the
universality the thermoanalytical methods comple-
mented by X-ray diffractometry. The phase analyses
of ground products enable to elucidate the mecha-
nism of the alloy formation in the mixtures of copper
hydroxocarbonate with aluminium.

The mechanical alloying in an oxidising atmosphere
is a consequence of the following reactions:

• decomposition of hydroxocarbonate,
• oxidation of aluminium,
• aluminothermic reduction of CuO.

The alloy formation depends mainly on three fac-
tors: the “sufficient” content of aluminium in the sys-
tem, the duration of mechanical treatment (the longer
milling time increases the amount of alloys) and the
atmosphere. It can be stated that the oxygen present
during activation seems to be determining reason-

able time for mechanical alloying in our study. Some
literature data concerning the mechanical alloying
point to the possibility of alloy formation in an inert
gas atmosphere after very long time of milling, e.g.
TiZrCuNi for 100 h[17] and Ni3Al for 3 h [10].
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