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A B S T R A C T

In the Mo-Cu system, Mo has very low solubility in liquid Cu. To reach high densities after liquid phase sintering
it is required the solution-reprecipitation step, which induces shape change. One technique that allows to form
solids solutions out of equilibrium is the mechanical alloying. In the present work, the effect of the mechanical
alloying of the elemental Mo and Cu (10, 20 and 30 vol%) powders and the sintering atmosphere (Ar vs Ar +
10 vol% H2) on the densification, microstructure and hardness of sintered samples in liquid phase at 1150 °C for
1 h, was studied. It is hypothesized that the sintering can be facilitated by the generation of a solid solution of Mo
in Cu out of equilibrium which, allows the Mo to enter solution in the Cu liquid and re-precipitate on the solid
Mo particles during the process.

The results show that mechanically alloyed Mo-Cu and sintered powders in the reducing atmosphere of Ar +
10 vol% H2, have the highest densities and densification of all studied alloys. This is explained by the formation
of solid solution of Mo in Cu during the mechanical alloying, evidenced by the EDS analysis. It is suggested that
these milled and sintered powders reach the highest hardness due to their microstructural refinement, high
density of Mo dislocations and low porosity.

1. Introduction

Mo-Cu alloys have been investigated for many years because of their
relatively low and constant coefficient of thermal expansion (of up to
1073 K) and their high thermal and electrical conductivity, which make
them suitable for contact materials in cooling and electronic packages
[1]. The significant difference between the melting points of both me-
tals and their insolubility make traditional metallurgical processes in-
appropriate to obtain these alloys due to their the high-energy con-
sumption. The infiltration method by which a pre-sintered porous Mo
skeleton infiltrates with Cu, high density obtained, but this method is a
complex process due to Cu exudation and grain growth in the micro-
structure [2]. Liquid phase sintering (LPS) of mixed microcrystalline
powders usually does not reach high density since the solution-re-
precipitation (SR) step requires solid constitutes (Mo) to enter in liquid
phase (Cu) leading to the change of shape and thus increasing density
will not occur. Due the mutual insolubility of the solid and liquid state
of Mo and Cu [3–5].

The Mechanical Alloying (MA) is a method developed over the past
decades (since the 1970s), which allows an increase in the solubility of
the insoluble elemental powders outside of the equilibrium [2,5,6]. In
this method, the powders are subjected to repetitive impacts at high

speed, which cause plastic deformation and hardening and cold
welding. At the same time, together with the hardening, the fracture of
the powders occurs. All the processes are continuously repeated to
achieve the desired results of mechanical alloying [6,7].

The use of the MA method to incorporate Mo in Cu has been studied
by Martínez et. al. [7]. It showed an increase of Mo in solid solution in
the Cu with the milling time of up to 100 h. The increase in the solu-
bility of Mo in Cu was explained by a thermodynamic analysis. At 21 h,
crystallite sizes of approximately 15–40 nm were obtained whereas
higher molybdenum powders showed a lower decrease of grain size.
After 21 h of grinding, recrystallization and agglomeration processes
were observed.

In another work [8], the mechanical alloying of Cu-Mo under a
controlled atmosphere of Ar was carried out. The evolution of grain size
as a function of milling time was studied and it was determined that, for
50 h of milling time, a minimum crystallite size of 20 nm was reached
for the compound powders of Cu-8 at% in Mo.

Xi and others [9] analyzed the AM of binary and ternary systems
based on the Cu-Mo alloys. They found the possibility of dissolving Mo
up to 10 wt% in copper by MA.

Jinglian and others [10] were able to obtain pre-alloyed Mo-18, 30,
and 40 wt% Cu using the sol-spray-drying process in which Mo and Cu
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salts were heated and reduced to a size of 30 nm and 28 nm for the Mo
and Cu, respectively. The powders were compacted and sintered in the
liquid phase with a controlled atmosphere of H2. After sintering, high
densities (99%) were obtained in the samples with 30 wt% Cu. It was
also found that a maximum amount of liquid phase was achieved for 30
wt% Cu; for higher amounts of Cu, the density decreased. This phe-
nomenon was attributed to the high temperature and the volatilization
of the copper rich phase.

Song et al. [11] studied the effect of liquid phase sintering of pre-
alloyed Mo-15 wt% Cu powders, which were made through the che-
mical gelling-reduction process. Powders having sizes in the ranges
from 100 to 200 nm were obtained. These powders were subjected to
three sintering temperatures (1050, 1100, and 1150 °C) under a con-
trolled atmosphere of H2, reaching a final relative density of 99.59% for
the sample sintered at 1150 °C.

Based on the literature review, it can be concluded that to achieve
high density of Mo-Cu alloys in the LPS, it is necessary to produce
nanometric powders of Mo and Cu using chemical methods. It should be
noted that the LPS of mechanically alloyed Mo-Cu powders was not
investigated.

In the present study, it is proposed that the SR mechanism can be
proceed in three stages to overcome the mutual insolubility of Mo and
Cu that prevents the occurrence of SR. In the first stage, during MA
occurs the incorporation of Mo in solid solution in the Cu, out of
equilibrium. In the second stage, during the LPS and when the Cu-rich
phase is transformed from solid to liquid, the Mo atoms of this phase
entered into the liquid solution of Cu. In the final stage, the atoms of Mo
in the liquid phase would re-precipitate on the particles of solid Mo,
leading to the change of form and them, densification. The stages
mentioned could occur, since milled powder of Mo must contain Cu in
solid solution beyond equilibrium, is a situation similar to what hap-
pens in transient liquid phases, in which one of the initial components,
the low melting point (Cu in this case) melts and homogenizes the
composition until it reaches equilibrium. Then, in this case, liquid Cu
would initially be formed in greater quantity than the equilibrium and
the amount of liquid would be reduced by homogenization, reaching
equilibrium.

During this process, the influence of the mechanical alloying on the
density, microstructure, and hardness for elemental Mo-Cu powders
was analyzed. Also, the influence of adding Mo elemental powders to
the mechanically alloyed Mo-Cu powders was investigated with the aim
of increasing the green density of the compact and allowing a higher
sintering density to be obtained as compared to the process with only
mechanically alloyed powders, which have the difficulties that requires
high pressures for compaction to achieve high green density.

Finally, the effect of the atmosphere on densification was

investigated by comparing Ar to Ar + 10 vol% H2. It was expected that
H2 would act to reduce surface oxides of Mo and Cu powders and thus
would facilitate the LPS [5].

2. Materials and methods

2.1. Powders

Cu elemental powders with a purity of 99.99% and 90% and the size
less than 45 µm of dendritic morphology were purchased from ACU
Powder International. Mo powders with 99.95% purity and an average
size of 5.1 µm were supplied by Molymet S.A. (Chile).

2.2. Mechanical alloying

(1-x)%Mo-xCu (x = 10, 20 and 30 vol%) powders were milled using
a home-made Szegvari Attritor Grinding Mill with 1500 cc capacity
stainless steel container at 500 rpm under a controlled atmosphere of Ar
with a flow of 1 l/min and Hexane as the controlling agent. The mass
ratio of 4.8 mm stainless steel balls to the powder was 10:1. The milling
times were 10, 20 and 30 h for each of Mo-Cu alloys. Once the process
was completed, the recovered powders were dried for one hour under
halogen lamp, and compacted at 450 MPa to fabricate 1.5 g bars with
12 mm diameter which were sintered at 1150 °C for 1 h in a mixture of
Ar + 10 vol% H2 or only Ar and cooled down in the furnace.

Table 1 shows the process conditions for the four series of manu-
factured alloys and their designation.

2.3. Materials characterization

The elemental powders of Mo and Cu were characterized by scan-
ning electron microscopy (SEM; JEOL, JSM-IT300) and EDS to de-
termine their shape, distribution, size and composition. Structural
characteristics of samples were analyzed through X-Ray Diffraction
(XRD; Bruker D8), using Cu° Kα1 radiation (λ = 1.5405 Å) with an
increase of 0.02° and a passage time of 56.7 s. The sweep angle range
varies from 2°< 2θ<80°. The green density of the samples was ob-
tained by geometrical method. After sintering, the Archimedes Method
was used to obtain the density. Porosity was measured from the density
by the following Eq. (1):

= −ε
ρ

ρ
1 final

theoric (1)

where ε is the porosity and ρ is the density.
The microstructural features such as type and distribution of present

phases were characterized by optical microscope. The Vickers

Table 1
Description of the samples and their characteristics.

Samples Process Conditions Sintering atmosphere

Simple mix: (Mo+Cu)m Elemental powder Mo and Cu mixed Ar + 10 vol% H2

Mo−10 vol%Cu
Mo−20 vol%Cu

Mo−30 vol%Cu
MA powders Elemental powder Mo and Cu Ar + 10 vol% H2

Mo−10 vol%Cu
Mo−20 vol%Cu
Mo−30 vol%Cu

Mix: Mo+(Mo+Cu)m-Ar MA powders + Mo elemental mixed Ar
(Mo+(Simple mix) 10 vol%Cu)
(Mo+(Simple mix) 20 vol%Cu)
(Mo+(Simple mix) 30 vol%Cu)

Mix: Mo+(Mo+Cu)m-(Ar+10 vol%H2) MA powders + Mo elementary mixed Ar + 10 vol% H2.
(Mo+(Simple mix) 10 vol%Cu)
(Mo+(Simple mix) 20 vol%Cu)
(Mo+(Simple mix) 30 vol%Cu)
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microhardness of sintered samples were measured using Struers micro-
indentation machine with the load of 1960 mN for a dwelling time of
10 s. At least 5 indentations were made for each specimen.

3. Results

The morphology and size of the powders used as feedstock for this
study are presented in Fig. 1. As it can be seen in Fig. 1a, a bimodal
distribution of Mo powders containing agglomerated small particles
with the size in the range of 1–4 µm and long with the larger irregular
polyhedron powders with the size between 8 and 14 µm. Fig. 2b shows
Cu irregular dendritic powders with sizes between 30 and 50 µm.

With the X-Ray Diffraction, the study of the progress of the changes
in the crystallite size and the dislocation density of the MA powders,
depending on the hours of milling, were undertaken. The samples
analyzed by XRD were taken at 10, 20 and 30 h after the start of the
process (see Fig. 2).

According to the values obtained with the XRD analysis, the average
crystallite size and microstrain were obtained by the Williamson-Hall
classic method for Mo and Cu [12]. The density of dislocations was
calculated from the values of microstrain. The results are summarized
in Table 2.

As can be seen in Table 2, there is strong microstructural refinement
and strain hardening.

The decrease in the density of dislocations between 10 h and 20 h,
may be attributed to a recovery or to the effects of a dynamic

recrystallization due to the severe plastic deformation and a local in-
crease in the temperature reached by the powders.

After the compaction stage, the green density of the samples was
evaluated. Green densities of all types of samples compacted at
450 MPa are show in Fig. 3.

Fig. 4 shows the densities of compacted samples at 450 MPa after
sintering at 1150 °C for 1 h.

Fig. 5 presents the porosity results (as the difference between the-
oretical density and sinter density) for the different types of sintered
specimens.

Figs. 6–8 show the microstructure of sintered with compositions of
Mo 10, 20, 30 vol% Cu formed by simple mixing, Mo + (Mo + Cu) m -
Ar, Mo + ( Mo + Cu) m - Ar + 10 vol% H2 and MA powders.

Fig. 9 shows the Vicker's hardness of sintered specimens.

4. Discussion

4.1. Effects of % v Cu and milling on Mo-Cu powders sintered in Ar +
10 vol% H2 for 30 h of grinding

4.1.1. Green density
Fig. 3 demonstrates green densities of samples which increase with

increasing Cu content in the simple mix and MA powder composites
without affecting density of Mo + (Mo + Cu) samples, which can be
attributed to high ductility of copper powders allowing higher plastic
deformation during compaction. The higher green densities obtained by
simple mixing with values between 72% and 75% comparing with the
higher green densities in the range of 63–68% obtained for MA powders
confirm the effect of hardening by plastic deformation and decrease of
green density.

4.1.2. Density after sintering
As can be seen in Fig. 4, sintered densities increase with increasing

vol% Cu contents for samples because liquid Cu fills the pores and al-
lows the union of the particles of Mo as a result of liquid propagation by
capillary forces [5,13].

Fig. 1. SEM image of the (a) Mo and (b) Cu powders used in the study.

Fig. 2. X-ray diffraction of powder samples MA powders.

Table 2
Density of dislocations and average crystallite Mo and Cu size.

Milling time,
h

Crystal size,
nm

Mo Cu
Dislocation density,
m−2

Dislocation density,
m−2

10 18 8.0E+17 4.6E+17
20 10 9.5E+17 7.1E+ 16
30 11 8.8E+17 3.7E+17
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Among all samples, the MA samples reach the highest relative
density 88% after sintering because the powders subjected to MA
probably formed solid solutions of the Mo and Cu as reported by
Suryanarayana [14]. This could be due to a homogeneous distribution
of the Cu in the Mo, preventing the formation of Cu pools during the
LPS and increasing the homogeneity of the microstructure as can be
seen in Figs. 6c-7c and 8c for the different vol% Cu.

4.1.3. Microstructure
The microstructure of the samples of sintered MA powders is very

fine and homogeneous with a laminar morphology of Cu and Mo as a
result of the high energy grinding and little porosity, see Figs. 6, 7 and
8. The porosity, measured as the difference between theoretical and
experimental density, results in ε = 12–23%. The difference in porosity
observed in micrographs and measured relative densities may be due to
the metallographic polishing plastically deforming the surface of the
sample and covering the pores.

On the other hand, the microstructure of simple mixed sintered
samples are formed by a porous matrix of Mo, clear phase, considering
it as nominal phase with higher vol% in the alloy, with Cu islands,
which increase in size and quantity on the matrix, as it increases vol%,
in this case it can be observed as the dark phase (see Figs. 7d and 8d).
The low porosity reached, ε = 24–27% (Fig. 5) decreases as the vol% of
Cu increases, which may be attributed to the fact that the liquid phase
proportion in the sintering is spread between phase of Mo, and this
improves densification.

4.1.4. Hardness
As can be seen in Fig. 9, the samples formed by MA powders showed

the highest hardness reaching 182 HV without being affected by the vol
% of Cu. This result indicates that, in the case of sintered MA powders,

the high hardening may be caused by a fine dispersion of the Mo
powders, it predominates over the amount of vol% Cu and the porosity
over the hardness, as shown in Figs. 9–10.

The hardness of the other samples, on the other hand, decreases
with the increase of vol% of Cu. In addition, for a given amount of Cu in
the alloy, the hardness is inversely related to the porosity: as the por-
osity increases, the hardness decreases, as shown in Fig. 10.

For each samples, it can be seen how the porosity negatively affects
the hardness, causing a lower resistance to the plastic deformation by
indentation.

4.2. Effects of the addition of Mo elemental powders to mechanically
alloyed Mo-Cu powders

4.2.1. Green density
The samples of Mo + (Mo+ Cu) m have a green density value close

to 69%, independent of % v Cu as can be seen in Fig. 4. Therefor, his
approximately constant value of density could be determined by the
constant amount of soft powders, in this case Mo, unmilled powders.

4.2.2. Microstructure
Comparing the samples made with mixtures of elemental powders

of Mo and Cu, plus elemental powders of Mo, versus the sample with
MA, clear differences in the microstructure obtained after sintering are
observed, which can be observed in Figs. 6–8. The sample made with
powders submitted to MA presents a homogeneous microstructure with
a minimum presence of pores, which could be attributed to a homo-
geneous distribution of the Cu powders in the Mo matrix, and to a
possible solids solution in MA of the Cu in the Mo. Unlike the other
samples, where a marked delimitation between both phases, Cu and Mo
is observed, due to the low immiscibility between them and a marked
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porosity in the samples.

4.3. Effects of the sintering atmosphere: Ar and Ar + 10 vol% H2, Mo +
(Mo + Cu)m powders

The samples subjected to a reducing atmosphere (Ar + 10% H2),
possess densities higher than those exposed to neutral atmosphere Ar,
which can be attributed to reduction of the surface oxide in Mo and Cu
powders by H2 and, thus, most likely improving wettability of the liquid
Cu on the solid Mo [5]. Since the green density was the same for the
sintered samples in both atmospheres, the densification follows the
same trend as the density.

4.3.1. Microstructure
In general, the microstructure of the Mo + (Mo + Cu) m- (Ar +

10% H2) samples shows a microstructure of Cu islands between larger
and somewhat more oriented Mo islands than those sintered in the

atmosphere (Ar-10 vol% H2). The presence of a higher porosity and a
larger grain size were also observed in the sintered samples in Ar. a
porosity that decreases with increasing Cu content in the alloy.

4.3.2. Hardness
The hardness of the samples Mo + (Mo + Cu) m- (Ar + 10% H2) is

slightly higher than that of samples sintered in the atmosphere of Ar. It
can be observed in Fig. 10 that the hardness depends not only on its
porosity but also on the other factor that differentiates the samples is
the size of each phase (Mo and Cu). The finer microstructure obtained
in the sintering in Ar + 10 vol% H2 (see micrographs a and b in Figs. 6,
7 and 8) has a higher hardness with similar porosity. That is to say, the
difference of hardness between the samples sintered in Ar versus those
sintered in (Ar + 10 vol% H2), is not attributable only to the difference
in porosity but also due to the microstructural refinement.

Fig. 10 shows the effect of porosity on hardness for each series of
samples. For the same porosity, the MA sintered (Mo + Cu) m- (Ar +
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Fig. 7. Microstructure of Mo-20 vol%. Cu alloy sintered: a) Mo (Mo + Cu) m – Ar; b) Mo + (Mo + Cu) m - Ar + 10 vol% H2; c) MA powders and d) Simple mixing. Optical microscopy.
30 h of milling.

Fig. 8. Microstructure Mo-30 vol%. Cu alloy sintered: a) Mo (Mo + Cu) m - Ar, b) Mo + (Mo + Cu) m - Ar + 10% H2, c) MA powders and d) Simple mixing. Optical microscopy. 30 h of
milling.
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10 vol% H2) samples showed the highest hardness and only mixed and
sintered samples showed the lowest hardness, which can be attributed
to the microstructural refinement and increase of dislocations density in
the Mo powders, which occurs during the mechanical alloying. Both
effects, deformation hardening and microstructural refinement in Mo
powders, persist even after sintering at 1150 °C. It is known that the
solid phase of molybdenum does not recrystallizes at this temperature.
[15].

4.4. Solid solution Mo-Cu

In this work, it has been assumed that, during the mechanical

alloying, Mo atoms enter into solid solution in the Cu powders. The
results of XRD analysis (Fig. 2), show the existence of two phases: one
phase rich in Mo and one phase rich in Cu. The data obtained for the
diffraction angles and the relative intensities are not conclusive, when
determining the incorporation of an element in the powders of the other
element. For this reason, samples of Mo elemental powders were fab-
ricated with 35 wt% Cu by mechanical alloy for 20 h, then sintered for
one hour at 1150 °C in Ar atmosphere, and analyzed by EDS and SEM.

In the SEM image in Fig. 11, the flake morphology of the powders is
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Fig. 11. Flakes produced after milling of Mo − 35 wt% Cu powders for 20 h of milling.
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shown. The elemental analysis and mapping by EDS (Figs. 12 and 13)
evidence homogeneous distribution of both Mo and Cu in the particle,
which indicates that a solid solution of Mo and Cu is formed or a strong
reduction of the size of the Mo and Cu particles occurred at nanometric
levels.

5. Conclusions

MA and sintered powders have the highest sintered densities of all
studied alloys, which can be explained by the formation of solid solu-
tion of Mo in Cu during MA, evidenced by the EDS analysis. It is sug-
gested, that sample reach the highest hardness due to their micro-
structural refinement, high density of Mo and Cu dislocations and low
porosity.

The increase of Cu in the samples increases the density and inter-
connection, which is due to the increase of the liquid phase in sintering
through the increase of the amount of Cu in the alloy.

Adding unmilled Mo to the powder mixture (Mo + Cu)m effectively
increases the green density comparing with 100% milled Mo-Cu pow-
ders; however, its densification is not high enough so that the density
after sintering is greater than that of the milled and sintered powders.

The use of a reducing atmosphere (Ar + 10 vol% H2) has a positive
effect on densification and density due to its ability to remove surface
oxides from Mo and Cu powders. The samples formed with powders

alloyed with Mo showed an average improvement of 2.3% in the sin-
tering density and 7.4% in the densification, in relation to the same
sintered powders in only Ar.
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