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Role of process control agent on synthesis and consolidation behavior of
nano-crystalline copper produced by mechano-chemical route
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bstract

Nano-crystalline copper was synthesized by mechano-chemical reduction of Cu2O with carbon. Influence of stearic acid addition as a process
ontrol agent (PCA) on characteristics of synthesized and consolidated copper samples was investigated. The structural evolution and morphology

f powders were evaluated using XRD and SEM, respectively. It was found that the nano-crystalline Cu formed after 35 h of milling and addition
f stearic acid prolonged the process. On the other hand, the use of stearic acid in final stages of the process prevented excessive cold welding of
ltra fine Cu particles during milling. In fact, it successfully inhibited the formation of coarse Cu particles and eventually decreased the crystallite
ize of the product to 19 nm. The hardness of sintered Cu sample increased due to the reduction of mean crystallite size.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Mechano-chemical processing is a novel technique for prepa-
ation of nanosized materials. It has been shown that enhanced
eaction rates can be achieved and dynamically maintained dur-
ng milling as a result of microstructural refinement and mixing
rocesses accompanying repeated fracture, welding and defor-
ation of particles during collision events [1]. Depending on
hich process is dominant during mechanical alloying, powder
articles may grow in size through agglomeration by cold weld-
ng, or become smaller in size through the fracture process. A
CA is normally added in milling process in order to obtain a
alance between fracturing and welding processes. Stearic acid
s one of the most commonly used and effective PCA [2].

Chemical reduction of metal oxides could occur when milled
ith a suitable reductant [3]. Recently, copper nanopowder with
arious physical and mechanical properties has been used in

lectronics industry [4,5]. The reduction of copper oxide with a
umber of metallic reductants such as Fe, Al, Ti, Ni and Ca has
een already investigated [2].
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In our pervious works [6,7], synthesis of nano-crystalline
u through following solid-state reaction between Cu2O and
raphite using mechano-chemical route was investigated.

Cu2O + C → 4Cu + CO2| (1)

Since the influence of PCA on this process has not been stud-
ed yet, the present research focuses on the influence of stearic
cid as a PCA on the displacement reaction and Cu nanopowder
ormation. Furthermore, sintering behavior of copper powders
roduced through conventional and mechano-chemical routes
as investigated.

. Experimental procedure

Starting materials used in this research were commercially pure Cu2O (99%,
–30 �m) and graphite (99.9%, 10–50 �m). Mixture of Cu2O together with
0 mol% of extra carbon according to the reaction (1) was subjected to intense
echanical treatment for various periods of time using a Fritsch P5 planetary

all mill with hardened steel balls and vial. A constant ball-to-powder weight
atio of 35:1 was maintained during the operation. The milling speed was also
ept constant at 300 rpm.

To avoid the oxidation during milling, the vial was filled with pure argon

efore milling. Various amounts of stearic acid, CH3(CH2)16CO2H, were added
n the beginning and final stage of the milling operation. Table 1 summarizes
he milling conditions.

The morphology and phase identification of the products were examined by
EM (CamScan MV2300) equipped with an Energy Dispersive Spectrometer
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sample, was also pressed and sintered under the same conditions.

The density of the sintered samples was measured by Archimedes’ principle
in accordance to ASTM B328. Brinell hardness was measured on the polished
samples.
ig. 1. XRD patterns of milled powders with 0, 0.5 and 2 wt.% of stearic acid
or (a) 8 h and (b) 15 h.

EDS) (Oxford Instrument) and XRD (Philips PW-1730) using Cu K� radiation,
espectively. The line broadening due to the instrument was calculated from

arren’s method [8]. The mean crystallite size and internal strain of particles

ere obtained using Williamson–Hall plot [9].

Mechano-chemically produced Cu powders were isostatically cold-pressed
t 600 MPa into cylinders with 20 mm diameter and 20 mm height. The com-
acts were then sintered at 550 ◦C for 1 h in a vacuum furnace at 100 Pa. For

Fig. 2. XRD patterns of samples after 35 h milling.
d Compounds 465 (2008) 78–82 79

omparison, a Cu powder produced by conventional route, i.e., micro-grained
Fig. 3. SEM images of Cu powders in S7 (a), S8 (b) and S9 (c) samples.
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Fig. 4. EDS analysis of particles in S9 sample after 35 h milling.

Table 1
Milling conditions of the samples

Sample PCA added (wt.%) Time of PCA addition (h) Milling time (h)

S1 0 – 8
S2 0.5 0 8
S3 2 0 8
S4 0 – 15
S5 0.5 0 15
S6 2 0 15
S7 0 – 35
S8 0.5 25 35
S
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Table 2
Mean crystallite size and internal strain of Cu particles in samples S7, S8 and
S9

Sample Crystallite size (nm) Strain (%)

S7 27 0.41
S
S

o
r

a
3
A
C
r
acid.

The mean crystallite size and internal strain of Cu particles
in S7, S8 and S9 samples are presented in Table 2. As seen in the
9 0.5 30 35

. Results and discussion

.1. Characteristics of nano-crystalline Cu powders

Analysis of the XRD pattern of sample milled for 8 h with-
ut stearic acid indicates Cu2O as a dominant phase and Cu as
minor phase. There is no distinct difference in the phase com-
osition of samples milled for 8 h with 0.5 and 2 wt.% of stearic
cid (Fig. 1(a)). XRD patterns in Fig. 1(b) show different spec-
ra for samples milled for 15 h without and with stearic acid.
he difference tends to be more evident when more stearic acid

s used. The intensities of Cu peaks increased by milling up to
5 h in the absence of stearic acid whereas Cu2O peaks intensi-
ies are decreased significantly. By addition of 0.5 wt.% stearic,
u peaks appear after 15 h of milling whereas no detectable

eaction takes place for Cu production in the sample milled with
wt.% stearic acid.

It seems that the addition of stearic acid alters the behav-
or of reactants significantly during the mechanical milling and
elays the displacement reaction. The suppression of the reac-
ion by stearic acid is primarily due to the decrease in contact

rea between reactants [2]. Also, enhanced lubrication because
f higher acid content is believed to reduce the local temperature
uring collisions. Similarity of the XRD patterns of samples S1
nd S5 confirms the above point and indicates that by addition

F
s

8 19 0.57
9 22 0.49

f 0.5 wt.% stearic acid, the milling duration required for the
eduction reaction is nearly doubled.

In the second set of experiments, 0.5 wt.% stearic acid was
dded in final stages of the milling process, i.e., after 25 (S8) and
0 h (S9). Fig. 2 shows XRD patterns of S7, S8 and S9 samples.
nalysis of these patterns reveals that the reduction of Cu2O to
u for all three samples has been completed after 35 h and the

eaction process has not been affected by the addition of stearic
ig. 5. Relative green and sintered densities of S7, S8, S9 and micro-grained
amples.
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able, the mean crystallite size is decreased and the internal strain
ncreased by addition of stearic acid. The larger crystallite size
alculated for sample S7 could be due to the relatively higher
emperature obtained during milling in the absence of stearic
cid.

Fig. 3 shows SEM images of S7, S8 and S9 samples. It is
bserved that the morphology of products processed in the pres-
nce of stearic acid differed considerably from that of processed
ithout stearic acid. As shown in Fig. 3(a), large particles of

opper exhibiting wide size distribution are formed in sample
7. The formation of large Cu particles may be attributed to

ts fcc crystal structure in which particles are easily deformed
nd cold welded to each other to form large agglomerates [10].
s could be seen in Fig. 3(b) and (c), the mean particle size
f copper is considerably decreased in S8 and S9 samples. It
eems that by addition of stearic acid, the cold welding process is
uppressed.

EDS point chemical analysis of S9 sample after 35 h milling,
ig. 4, showed that the product is purely Cu and no impurity

uch as carbon and oxygen resulting from possible dissociation
f PCA was detected. Au peaks in this pattern has come from
he coating material. Similar results obtained from EDS analysis
f S7 and S8 samples.

S
a
s
f

Fig. 6. SEM images of sintered micro-grained
d Compounds 465 (2008) 78–82 81

.2. Characteristics of compacted and sintered samples

Fig. 5 shows relative green and sintered densities of S7, S8, S9
nd micro-grained samples. In the micro-grained sample, green
nd sintered densities were found to be 93.31% and 94.14% of
heoretical value, respectively. The sintered density in samples
8 and S9 are almost the same (∼77% of the theoretical den-
ity); this value for sample S7 is only 73.69%. It has been already
hown that high green density in metal powders may be achieved
hen plastic yielding is occurred [11]. The high plasticity of
icro-grained powders, based on the Hall–Petch dependence of

ield stress on grain size, lead to higher density. However, work
ardening due to the milling process resulted in lower green
ensity in S7, S8 and S9 samples. Moreover, sliding and rear-
angement in nanopowders are severely restricted owing to large
rictional forces among powder particles [11]. As a result, lower
reen densities are likely to be achieved in mechano-chemically
rocessed samples in comparison with micron size powders pre-
ared conventionally. Lower sinterability of nanopowders in S7,

8 and S9 samples is probably due to their agglomerated nature
nd surface oxidation [11]. Less agglomeration in S8 and S9
amples due to the addition of stearic acid could be responsible
or their relatively higher sintered density in comparison with

(a), S7 (b), S8 (c) and S9 (d) samples.
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[10] L. Shaw, M. Zawrah, J. Villegas, H. Luo, D. Miracle, Metall. Mater. Trans.
ig. 7. Brinell hardness of sintered S7, S8, S9 and micro-grained samples.

7 sample. Therefore, the influence of stearic acid on subse-
uent powder sintering is an indirect effect. On the other hand,
s indicated before via EDS analysis, stearic acid does not affect
he final chemical composition of the powders. Consequently,
ifferences in powder sintering are not due to the direct effect
f PCA.

SEM images of sintered micro-grained S7, S8 and S9 sam-
les are shown in Fig. 6. Micro-grained sample shows a dense
icrostructure, whereas large pores are observed between par-

icles of S7 sample. Microstructures of S8 and S9 samples
ndicating uniform grains together with some small pores con-
rm the positive role of stearic acid in densification process of

hese samples.
The Brinell hardness of sintered samples is shown in Fig. 7.

t could be seen that S8 sample shows the maximum hardness
f 68 BHN, which is 1.4 times higher than that of micro-
rained sample. Increased hardness in S8 sample is due to
ts smallest crystallite size and highest remained strain (see

able 2). Moreover, higher hardness in S8 and S9 samples may
e caused by the small amount of remained copper oxides due
o the presence of the stearic acid during mechano-chemical
rocess.

[

d Compounds 465 (2008) 78–82

. Conclusions

Nano-crystalline Cu powders were synthesized by mechano-
hemical reduction of Cu2O with graphite using high-energy
all milling with and without addition of the stearic acid as a
CA. It was found by XRD analysis that the mean crystallite
ize of the copper produced after 35 h of ball milling decreased
rom 27 nm in S7 sample to 19 nm in S8 sample. Moreover, the
CA strongly affects the formation process of copper. A fast
eduction reaction occurred in the absence of PCA and presence
f PCA delayed the reduction process. SEM results showed that
ddition of PCA efficiently reduced the particle size of Cu by
uppression of excessive cold welding. Also, addition of stearic
cid improved hardness of sintered nanopowder samples.
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