Journal of Ultrafine Grained and Nanostructured Materials
https://jufgnsm.ut.ac.ir
Vol. 51, No.2, December 2018, pp. 153-162
Print ISSN: 2423-6845 Online ISSN: 2423-6837
DOI: 10.22059/JUFGNSM.2018.02.07

Mechano-chemical activation of MoO3-CuO/C powder mixture to
synthesis nano crystalline Mo-Cu alloy
Morteza Saghafi Yazdi*, Mohammad Talafi Noghani, Alireza Najari
Department of Materials Science and Engineering, Faculty of Engineering, Imam Khomeini International
University.

Recieved: 20 April 2018; Accepted: 13 August 2018
* Corresponding author email: msaghafi@eng.ikiu.ac.ir

A B ST R AC T

In this study, a high energy planetary ball milling technique was used to synthesize nano-crystalline
Mo-Cu alloys. Molybdenum trioxide (MoO3) and copper oxide (CuO) were used as the starting materials.
Carbo-thermal co-reduction of mixed Mo and Cu oxides powders was done with milling followed by a heat
treatment at a high temperature. Differential thermal analysis/thermogravimetric (DTA/TG) was used to
determine the heat treatment temperature of activated powders. X-ray diffraction (XRD) analysis was used
to investigate the phase structure during the milling and heat treatment. Field emission scanning electron
microscopy (FESEM) has been employed to investigate the morphology of powder particles. It was found
that the complete carbo-thermal reduction of the oxides mixture may not be possible by the mechanical
milling at the ambient temperature and based on thermodynamic investigations, thermal activation was
necessary to reduce a MoO3-CuO mixture to a metallic structure. Some peaks at 400, 600 and 950 °C from
DTG results of the mixture sample milled for 10 h were observed which were related to the Cu6Mo5O18,
MoO2-Cu and Mo formation during carbo-thermal reduction of the MoO3-CuO mixture, respectively. XRD
results showed 10 h milled sample after reduction at 1000 °C contained nano-crystalline Mo-Cu alloys with
a mean crystallite size of 42 nm for Mo and 37 nm for Cu calculated by the Scherrer equation.
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1. Introduction
Copper alloys are widely used in industrial
applications due to their high thermal and electrical
conductivity, heat resistance, ablation resistance
and high strength. Cu-W alloys are extensively
used for the sweat cooling and electronic devices
packaging and also as an electrical contact alloy
[1-5]. Tungsten has a higher density, melting point
and hardness than that of Mo that eliminates the
application of Cu-W alloy. Molybdenum is a good
candidate to be replaced with tungsten and sintering
characteristics of Mo-Cu alloys are easier in
comparison with W-Cu alloys. In a Mo-Cu system
mixing produced heat is positive (+18 kJ/mole).

There is a signiﬁcant discrepancy in melting points
and the lactic parameter of copper (TCu = 1083 °C,
aCu= 0.361 nm) and molybdenum (TMo = 2625 °C,
aMo= 0.314 nm) which the maximum solubility of
molybdenum in the copper is 0.5 wt.% at 1100 °C [6,
7]. On the other hand Mo-Cu alloys are immiscible
in liquid and solid states which means no alloy
could be made using conventional equilibrium
methods such as casting or liquid metallurgy [8].
In order to extend the solid solubility more than
normal values some non-equilibrium processes
such as rapid solidiﬁcation, laser enhanced, vapor,
ion beam or sputtering deposition, and mechanical
alloying (MA) of elements could be used. Among
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mentioned methods, MA is a simple method
due to its ability to increase the solid solubility at
the ambient temperature and this process could
achieve a larger solid solubility extension. Plastic
deformation of powder particles during MA
caused a microstructure reﬁnement of particles
and increased the specific surface area. Stacking
faults, vacancies and dislocation increased in the
particles grains during the process of milling of the
powder. Another advantage of mechanical milling
is increasing the solid solubility of elements during
the milling which could decrease the diffusion
pathway in the mixture [9-12].
Many researches have been focused on the
synthesis of Mo-Cu alloys with MA processes
which resulted fine grain alloys with homogeneous
microstructures and excellent properties [3, 10,
13-17]. In the fabrication of Mo-Cu alloys with the
MA process, starting materials are usually mixed
together into an element form in the ball milling
system [14, 17, 18]. Sun et. al [8] synthesized novel
core shell Cu-Mo nanoparticles via a simple ballmilling of a MoO3-CuO mixture and a subsequent
hydrogen reduction process. In some other works
Mo-Cu were fabricated with combustion reactions
using Al as a reducing agent [19]. Magnesiothermal reduction of MoO3-CuO mixture oxides
was reported to be a high caloric process proceeded
in combustion mode [7]. In the case of using
reducing metals such as Al, Mg, Na or Ca, that is
most of the time a challenging task to purify nanocrystalline powders from undesired byproducts.
The advantage of using graphite as a reducing agent
was that the CO2 gas was a byproduct removed
simultaneously during the reaction. Former studies
have shown the formation of nano-crystalline
metallic powders via the mechano-chemical
reduction of NiO [20], V2O5 [21], CuO [22] and
MoO3 [23] with carbon and the effect of the milling
processing on the metal oxides reduction was also
reported. In this paper, a high energy planetary
ball milling technique was used to synthesis nanocrystalline Mo-Cu alloy and mixed MoO3-CuO was
used as a starting material and graphite was used as
the reducing agent.

to provide the maximum contact area between the
metal oxides/carbon particles. In the meantime,
carbon may act as a diluent or lubricant during the
milling process.
Another reason of using the excess carbon was
the production of a CO/CO2 mixture during the
heat treatment of mixed powders. The calculation
in this paper was based on the reaction 1 with the
CO2 production.
MoO3 + CuO + 2C = Mo-Cu + 2CO2

(1)

Starting mixture materials were milled in the
planetary ball mill (Sanat Ceram M.A) at the room
temperature with the rotation speed of 120 rpm
while the weight ratio of the ball (ball diameter:
11mm, hardness: 68HRC) to powder was fixed to
be 20:1 in milled samples. A tube quartz furnace
(Azar Furnace TFS/25-1250) under the argon
protection was used to reduce activated samples
at various temperatures for 1 h in the argon
atmosphere. Bruker XRD instrument with Cu-Ka
(l=1.5405 Å, step size=0.04 degree) was employed
for phase analysis of the prepared samples. The
size of milled synthesized nano-crystallite powders
and the crystallite size of annealed powders were
measured by Williamson-Hall (eq. 1) and Sherrer
(eq. 2) formulas respectively[24].
D= (0.9l/bcosq) + htanq

(eq. 1)

D= (0.9l/bcosq)

(eq. 2)

Where D is the mean crystallite size, l is the
X-ray wavelength, b is the line width at the one-half
of the maximum intensity, h is the internal strain
and q is the Bragg angle (in degrees). A Linseis
DTA/TG instrument was applied to determine the
temperature of the heat treatment of the 10 h milled
mixture in the nitrogen atmosphere as a protective
environment and the heating rate was fixed to
be 5 °C/min with Al2O3 as a crucible. FE-SEM
(TESCAN MIRA3) was also used to investigate
the morphology and particle size of the samples.
The synthesized molybdenum-copper alloy were
compressed in a pressure of 700 MPa (to prepare
a disk with 9 mm diameter) in the hardened die
and after that the sintering was done in the quartz
tube of the furnace under the argon protection at
1050, 1100 and 1200 °C for 60 min as the stay time.
Vickers hardness was used to measure the hardness
of the sintered specimens (Koopa model: UV1, 10 kg).

2. Experimental procedure
Commercially pure MoO3 (99.5%, 1-15 μm),
CuO (99.9%, 0.5-2 μm) and carbon (99.2%, 0.5-5
μm) powders were weighed based on the reaction
(1) and 40% mole extra carbon contents was used in
this research. The excess carbon amount was used
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Two wire method was used to measure the electrical
conductivity (SIGMOR100 conductivity meter)
of sintered materials. For measuring the hardness
and electrical conductivity At least five tests were
performed in each measurement to measure the
hardness and electrical conductivity.

samples for 10 h could be related to amorphous
transformation of carbon atoms during the milling
process. As shown in Figure 1 the graphite peak
in the milled samples for 30 h was observed with
a lower intensity as compared to an un-milled
sample. In fact with extending the milling time
from 10 to 30 h, the temperature on the contact
3. Results and discussion
area and the stored energy of the powder increases
Fig. 1 shows the XRD results of milled samples
continuously and may cause to the recrystallization
with milling times of 10 and 30 h. In both samples,
of the graphite powder at higher milling times.
peak broadening occurred and the intensities of
The residual strain and crystallite size of MoO3
MoO3 and CuO peaks decreased because of the
and CuO in the sample milled for 30 h were
particles refinement and the residual strain in the
calculated to be (1.7% and 22 nm) and (1.9% and
powders. In fact metal oxides such as MoO3 and
18 nm), respectively from the Williamson-Hall
CuO show brittle behaviors during the milling
equation. In the literature it was shown that in the
and their particles are fragmented continuously
MoO3-C mixture with increasing the milling time
as the milling time gets extended in order to
up to 200 h complete reduction couldn’t be possible
obtain particles in the nano scale. During the
and MoO3 was only reduced to MoO2 during the
milling of the powder mixture, the compositional
solid state reduction [23]. The enthalpies and
Fig. 1. XRD patterns of the samples milled for 10 and 30 h. The MoO3 and CuO peaks tend to
inhomogeneity decreased because of the severe
standard Gibbs free energy changes at 298 K for
broaden andfracturing
their intensities
duringofmillingsome
process.
plastic deformation,
and decrease
re-welding
reactions are also shown in the table 1 using
particles. Absence of graphite peaks in the milled
data in the literature [25].

Fig. 1- XRD patterns of the samples milled for 10 and 30 h. The MoO3 and CuO peaks tend to broaden and their intensities decrease

Tableduring
1: Thermodynamic
parameters (enthalpies and standard Gibbs free energies) changes of the
milling process.
reduction reactions of Mo and Cu oxides by graphite [25].

Table 1- Thermodynamic parameters (enthalpies and standard Gibbs free energies) changes of the reduction reactions of Mo and
Cu oxides by graphite [25]
0
𝛥𝛥𝛥𝛥298
(kJ/mol. )
-60.93

0
𝛥𝛥𝛥𝛥298
(kJ/mol. )
-39.4 0

+194.90

(3)

CuO + 0.25C = 0.5 Cu2O + 0.25CO2

-39.54

-23.00

(4)

0.5Cu2O + 0.25C = Cu + 0.25CO2

-23.11

-11.65

(5)

Mo + 2C = Mo2C

-76.79

-52.3

(6)

Reaction
MoO3 + 0.5C = MoO2 +0.5CO2
MoO2 + C = Mo + CO2

+138.40
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Reaction
number
(2)
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Fig. 2 shows the relationship between the
Gibbs free energy and the temperature for some
reactions calculated theoretically using data in the
literature [25]. The DG0298 of the reactions (2), (4),
(5) and (6) were negative and it was anticipated
that these reactions could thermodynamically
be accomplished during the milling at the room
temperature. The carbo-thermal reduction of MoO2
to molybdenum needed a higher temperature and
reaction (3) showed above a 100 kJ/mol barrier to
progress, although that was too high for the ball
milling process to afford in the room temperature
[21]. Therefore, the reduction reaction was actually
temperature
time
Pressure
stopped.Sintering
Ball milling
could Sintering
be (min)
possibly
overcome
(°C)
(MPa)
the thermodynamic barrier of 10-20 kJ/mol due
Sintering time
Pressure
Hardness
Electrical
1050defects
60 in the powder
700
to the (MPa)
structural
(min)
(HV) formation
conductivity
1100
60
(MS/m)
during the milling [21]. The dependence
of 700
the
1200 206.67
60
700
60
700Gibbs
standard
free energy on the 10.2
temperature for
60
700
192.81
6.1
the carbo-thermal
reduction
of mixed
60
700
183.87
7.6 oxides based
on reactions (1) was calculated theoretically and is
shown in the equation 3:

As shown in Fig. 2, the value of the barrier
for all reactions decreased with the temperature
increment, but it was revealed that for the reaction
(3) the temperature required to be high enough to
decrease the thermodynamic barrier. Thus, a higher
temperature reduction was employed to produce
Mo-Cu alloys from the MoO3-CuO mixture with
the mechanically activated carbon. In the case of
the mechano-chemical reduction of MoO3 and
CuO with Al as the reducing agent, the standard
Gibbs free energies for the reaction was reported
-915 and -393 kJ/mole, respectively that indicated
exothermic behaviour of the reaction and could be
Hardness
Electrical
taken
place during
the milling with a high speed
(HV)
conductivity
[25-27]. The reaction
(MS/m)rate between MoO3-CuO
mperature
206.67
10.2
and
carbon
during
the ball milling could be low
)
192.81
6.1
because
of the high thermodynamic
barrier at the
183.87
7.6
0
room temperature. The subsequent heat treatment
0
was needed to complete the reduction and DTA/
0
TG analyses were done to understand the details
of the reduction process and the heat treatment
temperature.
1
∆𝐺𝐺𝑇𝑇0 = 1.167 × 10+5 − 217𝑇𝑇 + 0.059𝑇𝑇 2 + 2.53 × 10+5 𝑇𝑇 − 7.65 × 10−6 𝑇𝑇 3 − 25.24𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 (eq. 3)
Fig. 3 shows FESEM images of the 10 h milled
1
(eq.
sample
at different magnefications. As shown in
0+5 − 217𝑇𝑇 + 0.059𝑇𝑇 2 + 2.53 × 10+5 − 7.65 × 10−6 𝑇𝑇 3 − 25.24𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 (eq.
3) 3)
𝑇𝑇
this figure after 10 h milling of the MoO3-CuO
In fact the reaction (1) is the sum of reactions
and carbon mixture the size of powders became
(2), (3), (4) and (5) that with eq. 3 the standard
very small and no extra milling times were
Gibbs
free
energy
of
reaction
(1)
could
be
needed.
Theascarbon
in the
powder mixture
Fig. 2. Standard changes of free energy (∆G°) of the
reactions
a function
of temperature.
The was
measured directly at any temperature above the
used as a reducing agent and also a lubricating
magnitude
of the thermodynamic barrier for all reactions
less at higher
room
temperature.
materialbecomes
which caused
to the temperatures.
formation of small

Fig. 2- Standard changes of free energy (∆G°) of the reactions as a function of temperature. The magnitude of the thermodynamic
barrier for all reactions becomes less at higher temperatures.
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agglomerates of reduced paricles. As stated before
was reduced at high temperatures followed by an
with increasing the milling time from 10 to 30 h,
XRD investigation. Some peaks at 400, 600 and
the stored energy in the mixture also increased but
950 °C from DTG results of the mixed sample
during the heat treatment for synthesis of Mo-Cu
milled for 10 h were observed during the carboat 1000 °C, the internal strain of nano powders
thermal reduction of the MoO3-CuO mixture. In
would be released and the residual strain is not
the corresponding TG curve as is shown in this
an important parameter to choose the 30 h milled
figure, weight losses are occurred in all peaks which
sample for theFig.
heat
treatment.
show CO/CO
formation
during
the 3reduction.
The
2
3. FESEM images of 10 h milled sample at different
magnefication.
10 h milling
of MoO
Fig. 4 shows the DTA/TG results of a 10 h
total weight loss of the samples after the treatment
CuO and carbon mixture is enough time to particles size of mixture becomes in nano-meter
milled mixture sample. To investigate the phase
was measured to be 35% which is in the good
scale.
formation underlying
every peak, this sample
agreement with the theoretical value of 34.5%

Fig. 4. DTA/TG traces of the sample milled for10 h. The DTA curve exhibited two
endothermic peak at 520 and 950 °C, respectively which attributed to a stepwise carbothermic
reduction of mixture oxide.
Fig. 3- FESEM images of 10 h milled sample at different magnefication. 10 h milling of MoO3-CuO and carbon mixture is enough time
to particles size of mixture becomes in nano-meter scale.

Fig. 4- DTA/TG traces of the sample milled for10 h. The DTA curve exhibited two endothermic peak at 520 and 950 °C, respectively
which attributed to a stepwise carbothermic reduction of mixture oxide.
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calculated from the reaction (1). The DTA curve
were a mixture of MoO2 and Cu. With increasing
exhibited two endothermic peaks at 520 and 950 °C,
the reduction temperature from 550 to 650 °C
respectively attributed to a stepwise reduction of
the reduction of MoO2 to Mo was not happened
the mixture oxide.
revealing that a higher temperature is needed for
Fig. 5 shows XRD results taken from the 10 h
the progress of the reduction.
milled mixture reduced at different temperatures of
Fig. 5 also shows XRD patterns taken from the
350, 450, 550 and 650 °C for 1h. The results show
10 h milled sample after the reduction at 800, 900
with annealing at 350 °C the Cu6Mo5O18 complex
and 1000 °C. For the treated sample by heating at
phase
was
formed
and
with
increasing
the
heat
800mixture
°C, Mo,after
MoOreduction
and Moat
C peaks existed that
2
2 350-1000 °C
Fig. 5. (a) XRD patterns taken from the 10 h milled
treatment temperature MoO2 and Cu reflections
with increasing the heat treatment temperature
for 1toh.appear.
When the
reached
to5O
1000
°Ctothe
only
phases
are 2nanostarted
Thistemperature
figure shows
Cu6Mo
900
°C dominant
the intensity
of MoO
and Mo2C peaks
18
peaks
completely
are
disappeared
when
the
decreased
and
the
intensity
of
Mo
peak intensity
crystalline Mo and Cu.
temperature reached to 550 °C and the products
increased indicating the reaction of MoO2 and

Fig. 5- (a) XRD patterns taken from the 10 h milled mixture after reduction at 350-1000 °C for 1 h. When the temperature reached to
1000 °C the only dominant phases are nano-crystalline Mo and Cu.
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Mo2C to produce Mo according to the reaction (7).

Eventually when the temperature reached
1000 °C the only dominant phases were nanoMoO2 + 2Mo2C = 5Mo + 2CO
(7)
crystalline Mo and Cu that the intensities of the
Cu(111), Cu(200), Cu(220), Mo(110), Mo(200),
In fact the peaks at 400, 600 and 950 °C from
and Mo(211) peaks were observed. The reduction
DTG results of the mixture sample milled for 10 h
activity of the powders could enhance by the
Fig. 6.
images of
10 h milled
reduction at milling
a) 350, b)
550, c) of
800the
and increased
d, e, f)
during
theFESEM
carbo-thermal
procedure
weremixture
related aftermechanical
because
to 1000
the formation
of
Cu
Mo
O
,
MoO
-Cu
and
Mo,
contact
areas
of
graphite
and
oxides
as
well
as the
°C for 1h.
6
5 18
2
respectively.
stored energy in the particles. Presence of peaks

Fig. 6- FESEM images of 10 h milled mixture after reduction at a) 350, b) 550, c) 800 and d, e, f) 1000 °C for 1h.
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with high intensities after the heat treatment was
due to the stress releasing. Scherrer’s formula was
used to calculate the crystallite size of molybdenum
(42 nm) and copper (37 nm) which were estimated
by measuring FWHM of Mo(110) and Cu(111)
diffraction peaks.
The effect of mechanical milling followed by the
reduction of the microstructures of synthesized
powders was also investigated. Fig. 6 shows FESEM
images of the 10 h milled mixture after reduction at
350, 550, 800 and 1000 °C. The FESEM images show
spherical particles with uniform distributions. In
fact due to the high heat treatment temperature

to synthesis Mo-Cu alloys, the particle sizes were
slightly bigger and the grain growth occurred as
compared to the milled sample without a further
heat treatment. Fig. 6f shows a high magniﬁed
FESEM image of the Mo-Cu alloy. The Mo–Cu alloy
powders show spherical shapes with micrometer
particle sizes due to agglomeration by the heating
at high temperatures.
The sintering temperature has important effects
on the electrical conductivity and hardness of
sintered Mo-Cu alloys. Table 2 shows that the
electrical conductivity and hardness of this alloys
were decreased with increasing the sintering

Table 2- Hardness and electrical conductivity of sintered Mo-Cu alloy

Sintering temperature
(°C)

Sintering time
(min)

Pressure
(MPa)

Hardness
(HV)

1050
1100
1200

60
60
60

700
700
700

206.67
192.81
183.87

Electrical
conductivity
(MS/m)
10.2
6.1
7.6

Fig. 7. Schematic mechanism of stepwise carbo-thermic reduction of MoO3-CuO.

1
𝑇𝑇

∆𝐺𝐺𝑇𝑇0 = 1.167 × 10+5 − 217𝑇𝑇 + 0.059𝑇𝑇 2 + 2.53 × 10+5 − 7.65 × 10−6 𝑇𝑇 3 − 25.24𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

Fig. 7- Schematic mechanism of stepwise carbo-thermic reduction of MoO3-CuO.
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temperature. For the sintered molybdenumcopper alloy, the maximum value of the electrical
conductivity and Vickers hardness were measured
to be 10.2 MS/m and 206.67 HV, respectively. Wang
et. al [13] synthesized Mo–25 wt.%Cu composite
powders via the ball milling of the MoO3 and
CuO powders mixture followed by the hydrogen
reduction process. The Hardness and thermal
conductivity of the Mo–Cu sintered at 1050 °C for
1.5 h were measured to be 214 HV and 22.4 MS/m,
respectively. Table 2 also shows that with increasing
the temperature of the sintering from 1050 up to
1200 °C, the electrical conductivity and hardness
decreased because of the liquid phase sintering
and higher values were achieved of those samples
produced by solid phase sintering at 1050 °C below
the melting point of the copper.
Fig. 7 illustrates a schematic mechanism of the
stepwise carbo-thermic reduction of MoO3-CuO
to Mo-Cu and the sequence of processes during
reduction is described as follows. Firstly, MoO3 and
CuO react with graphite at 350 °C and Cu6Mo5O18
phase was formed with oxygen ions diffusion
mechanism [28]. This phase formation also was
verified by the X-ray diffraction at the early stage
of the reduction. At the next step Cu6Mo5O18 reacts
with the graphite at 550 °C to produce MoO2 and
Cu according to the reaction (8).

of molybdenum oxides were analyzed in other
works and was shown to be a mixture of CO/CO2
that with increasing the reduction temperature
the concentration of CO in the mixture could be
increased [29, 30]. Based on the Gibbs free energy
changes versus the temperature for the graphite
oxidation, CO was more stable than CO2 at high
temperatures when the graphite reacted with the
oxygen [25].

CuMo5O18 + 4C = 5MoO2 + Cu + 4CO2
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