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bstract

The synthesis of Cu100−xAgx (0.05 at.% < x < 0.30 at.%) nanoparticles using an evaporation–condensation process has been studied. Particular

ttention has been paid to the composition of the as-prepared powders. Compared to the master alloy, systematic enrichment in Ag of the particles
s observed at the beginning of the synthesis but a continuous decrease in the Ag content of the powders is observed during the process. Even
hough, after de-agglomeration, the chemical composition of the powders is, in average, homogeneous. We have shown that optimized synthesis
onditions give spherical particles with a mean diameter of 50 nm and a reasonable yield rate.

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

Decreasing the grain size of a polycrystalline material leads
o a higher volume fraction of the intercrystalline regions (grain
oundaries and triple junctions) [1]. For small grain sizes, typi-
ally d < 100 nm, the intergranular zones become non-negligible
atomic fraction in grain boundaries, GB >1%) and are likely
o influence the properties of the material, among which the

echanical behavior. It has been reported that, in ultrafine-
rained metals, non-equilibrium GB and low angle GB lead to
igher stress levels [2] whereas high angle GB favor dislocation
bsorption and grain recovery [3]. Ma et al. [4] have shown that
ano-twinned copper, with a mean lamellae spacing of 200 nm
xhibits significantly enhanced ductility under tensile loading.
owever, although extensive studies are carried out on this topic,

he micro-mechanisms responsible for such a behavior are still
nclear. An alternative approach to understand the role of GB is
o compare nanocrystalline metals with various GB chemistries.
his purpose needs to synthesize bulk nanocrystalline metals
hich GB are selectively doped with foreign atoms. It should
e emphasized as well, that the presence of impurities at the

B should increase the stability of nanocrystalline materials by

nhibiting both mechanically and thermally driven grain growth
5,6].

∗ Corresponding author. Tel.: +33 56 70 30 41; fax: +33 1 46 75 04 33.
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The powder metallurgy technique is one of the main routes
o produce bulk nanocrystalline metals. Synthesis of fully dense
ulk nanocrystalline copper by densification of nanoparticles
as already been achieved [7]. The as-prepared material exhibits
nteresting mechanical properties such as a near-perfect elasto-
lastic behavior with 12% ductility in tension [8]. The synthesis
f the nanoparticles is the first step of the processing route. In
n attempt to obtain bulk nanocrystalline metals with GB doped
ith foreign elements, the nanopowders have to fulfill several

equirements: (i) a small particle size, (ii) a spherical shape to
acilitate further densification, (iii) a reasonable yield rate and
iv) a good chemical homogeneity. The nanopowders are pro-
uced using the cryogenic melting technique. This technique is
ased on the evaporation of a molten metallic droplet immersed
n a cryogenic liquid and the condensation of the surrounding
upersaturated metallic vapor [9]. Production of nanoparticles of
ure metals such as Cu, Fe and Al with a reasonable yield rate has
een already successfully achieved [10,11]. However, gas con-
ensation techniques are rarely used to synthesize nanoparticles
f alloys [12–14]. Because of the difference in the evaporation
ates of the two elements, deviation in composition between
he master alloy and the resulting powders is expected and
he final composition of the particles is usually unpredictable
15].
The present work reports on the synthesis and charac-
erization of Ag doped Cu nanoparticles prepared by the
ryogenic melting technique. The chemical composition and the
omogeneity of the as-prepared powders have been carefully

mailto:champion@glvt-cnrs.fr
dx.doi.org/10.1016/j.jallcom.2007.05.064
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nalyzed. The crystalline structure, the size and morphology of
he powders have been investigated as well as the influence of
he processing conditions on these parameters.

. Choice and composition of the Ag doped Cu system

The main objective of this work is to synthesize nanoparticles
n order to fabricate in fine a nanocrystalline material selectively
oped at GB with foreign atoms. For this purpose, a relevant
inary system has to be defined. Segregation of the solute ele-
ent towards the GB is possible if it reduces the interfacial

nergy. The segregated atoms have thus to fulfill two criteria:
i) miscibility gap with the solvent atom, (ii) high segregation
nthalpy. According to the equilibrium phase diagram [16], no
olid solution of Ag in Cu can be formed at room temperature.
he experimentally measured segregation enthalpy of Ag in Cu

s −40 kJ mol−1 [17,18]. Although it is lower than the one of Bi
n Cu [19], Ag was selected because it does not modify drasti-
ally the mechanical properties of the materials. Especially, no
mbrittlement of Cu due to Ag segregation has been reported
20,21].

In order to avoid Ag precipitation, the atomic fraction
equired to saturate the GB, as the upper limit of Ag content,
as to be determined. To estimate the grain size dependence of
he Ag amount at GB saturation, the model of a regular fourteen-
ided tetrakaidecahedron for the grains shape [22] was used. The
otal intercrystalline surface is:

IC = VIC

2δ
= Vtotal

2δ

[
1 −

(
1 − δ

d

)3
]

≈ Vtotal

2δ

×
[

1 −
(

1 − 3
δ

d

)]
≈ 3Vtotal

2d
(1)

IC is the intercrystalline volume, Vtotal the total volume, d the
rain size and δ is the grain boundary thickness. At low Ag
ontent:

total ≈ mCu

ρCu
≈ NMCu

ρCuNA
(2)

Cu is the Cu weight, MCu the Cu molar weight, ρCu the Cu
ensity, Ntotal the total number of atoms and NA is the Avogadro
umber.

Assuming that all the Ag atoms segregate at the grain bound-
ries and that all the segregation sites are equivalent, it comes:

NAg

SIC
= xAgNtotal

SIC
= 2xAgρCuNAd

3MCu
(3)

here xAg is the atomic fraction of Ag and NAg/SIC stands for
he saturation solute excess in the GB. Theoretically, satura-
ion of a GB by a solute atom is reached for one monolayer
f the doping element. According to Hondros and Seah [23],
ne atomic monolayer contains Ω2/3 solute atoms per unit sur-
ace, where Ω is the atomic volume. For Ag, this leads to

Ag/SIC = 12.6 at./nm2 and with the nanoparticles size equal

o 50 nm, Eq. (3) gives xAg = 0.45 at.%. Experimental results
how that saturation is generally reached before one complete
onolayer is formed at the Cu GB [18]. Electron energy loss
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pectroscopy experiments [20] have revealed that only one upon
our segregation sites is occupied, i.e. 0.26 monolayer and sat-
ration should be expected for 0.11 at.%. The atomic fraction
f 0.45 at.% is certainly an overestimate, though it gives the
elevant range of compositions that can be prepared.

. Experimental

Ingots of master alloys were prepared by melting commercial copper and sil-
er (purity 99.99%) in levitation by radio frequency induction. The as-prepared
ngots are then shaped by melting under a He atmosphere and cold rolled to
btain a 6 mm diameter rod. Nanoparticles are produced from the as-prepared
od using the cryogenic melting technique. A 30-g droplet of the master alloy
s overheated and maintained in levitation in the evaporating device filled with
iquid nitrogen. The droplet is regularly fed with the alloy bar in order to balance
he weight loss of the droplet and to prevent from any change of its position in
he evaporating device during the synthesis. During evaporation, a calefaction
ayer forms around the droplet in which nanoparticles are instantaneously con-
ensed. They are conveyed, thanks to the nitrogen flow, towards linen filters
here they are collected. In order to reveal deviation in the composition during

he synthesis, nanoparticles are collected in a first filter during the first 15–30 min
f evaporation and in second for the last 15–30 min. In the following, the two
atches will be called “start” and “end”, respectively. Since nanopowders are
yrophoric, they are stored in hexane where they are slowly oxidized by reaction
ith dilute O2 and H2O.

The average compositions of the master-alloys and the nanopowders
ere measured by inductively coupled plasma/optical emission spectroscopy

ICP/OES). The morphology and the size distribution of the particles were con-
rolled by observations using transmission electron microscopy (TEM, JEOL
000EX microscope operating at 200 kV). X-ray diffraction (XRD) patterns
ere performed using a Philips generator operating at 40 kV and 30 mA with
o K� radiation (λ�1 = 1.78896 Å and λ�2 = 1.79285 Å). Treatment of the pat-

erns was carried out with the EVA software (Brüker). In particular, the mean
articles size was estimated from the X-ray line profile analysis [24] using the
odified Halder–Wagner plot, proposed by Ungar et al. [25], which takes into

ccount the stacking faults and/or twins density:

β∗ − TW

d∗

)2

= β∗ − TW

εd∗2
+ η2 (4)

here β* is the modified integral breadth β* = β cos θ/λ, T the adjustable param-
ter depending on the planar faults density, W the Warren-Averbach anisotropy
onstants, η the internal strain and ε is the coherently diffracting domain size.
he mean particles diameter D is given by D = 4/3ε, where 4/3 is a correcting

actor taking into account the spherical shape of the particles.

. Results and discussion

The nanopowders were prepared from three different master
lloys with Ag content of 0.05, 0.15 and 0.30 at.%. At 2000 K,
hich corresponds to the temperature range reached during the

ynthesis, the vapor pressure is of 50 Torr for Ag and 5 Torr for
u [26], respectively. Accordingly, Ag should evaporate faster

han Cu and the resulting powders should be enriched in Ag.
owever, a previous study on the synthesis of Fe–Ni nanopow-
ers using the same technique has shown that the alloys usually
o not react as an ideal mixture. The preferential evaporation of
ither one or the other constituent depends on the composition
ange [15] and the relation between the composition of the mas-

er alloy and that of the resulting powders is then unpredictable.

The compositions of the as-prepared powders corresponding
o each master alloy are reported in Table 1. A large scattering
etween the composition of the powders “start” and the pow-
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Table 1
Silver content in at.% of the master ingot and the “start” and “end” powders
obtained from the corresponding master alloy

Batch Master ingot (%) Powders “start” (%) Powders “end” (%)

1 0.277 ± 0.007
0.750 ± 0.006 0.295 ± 0.007
0.700 ± 0.006 0.268 ± 0.007
0.690 ± 0.011

2 0.135 ± 0.005 0.201 ± 0.011 0.120 ± 0.002
3 0.135 ± 0.005 0.198 ± 0.011 0.134 ± 0.002
4 0.051 ± 0.003 0.053 ± 0.002 0.028 ± 0.002
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0.051 ± 0.003
0.095 ± 0.003 0.045 ± 0.002
0.068 ± 0.002 0.016 ± 0.002

ers “end” is observed. The powders collected at the beginning
f the synthesis are largely enriched in Ag compared to the ini-
ial rod. The Ag content can reach twice that of the master alloy.
n contrast, the powders collected at the end of the process have
enerally a lower Ag content than the initial rod. These results
how that, for the used synthesis conditions and for this range of
omposition, Ag evaporates preferentially to Cu. At the begin-
ing of the process, the composition of the molten droplet of
aster alloy is CuxAg1−x. The powders obtained after a time �t

ave an average composition CuyAg1−y with y < x. During the
ame time �t, the silver content in the droplet of master alloy also
ecreases. In order to compensate the loss of mass and to adjust
he composition, the molten droplet is fed with the master alloy
od. However, this is not sufficient to maintain the initial com-
osition of the droplet and the composition becomes Cux′Ag1−x′

ith x′ > x. As described previously, after a time �t, this droplet
ill lead to the formation of powders with an average compo-

ition of Cuy′Ag1−y′ with y′ < x′ but also y′ < y as a lower Ag
ontent in the metal droplet will necessary lead to a lower Ag
ontent in the powders. This process goes on all along the syn-
hesis and explains the deviation of composition both between
he powders and the master alloy but also, for a same master
lloy, between the powders produced at the beginning and at the
nd of the synthesis.
According to this process, each batch is composed of parti-
les with different compositions and, thus, should be chemically
eterogeneous. The average composition of different samples
aken from the same batch has been checked before (batches

o
a
t
t

ig. 2. TEM micrograph of Cu–Ag nanoparticles after synthesis with an apparent po
elected-area electron diffraction pattern. Twins are observed in some of the particles
ig. 1. X-ray diffraction pattern of nanopowders containing 0.045 at.% Ag and
roduced with an apparent power of 46 kW.

and 5) and after (batch 3) de-agglomeration of the powders
Table 1). For batches 1 and 5, a substantial scattering (from 9
o 180%) in the compositions is observed. In the contrary, the
ompositions of nine samples taken from batch 3 “start” are
uite similar as they range between 0.198 and 0.204 at.%. Even
hough deviation of composition occurs during the synthesis of
he powders, after de-agglomeration, a batch of these powders is

acroscopically chemically homogeneous. De-agglomeration
f the powders induces a relevant mixing and is thus particularly
mportant.

The synthesis of nanoparticles is the first step of a global
rocess leading to the production of fully densified bulk
anocrystalline alloys [14]. For this reason, the size and the
hape of the as-prepared powders are particularly important. The
mallest the particles are, the smallest grain size is likely to be
btained in the bulk sample. Further densification of the powders
s partially done by cold compaction, which is optimized when
he particles are perfectly spherical in shape. At last, the yield
f the process should be high enough to enable the production
f the 10 g of powders necessary to produce one bulk sample.
he only parameter easily adjustable to optimize the synthesis

f nanoparticles using the cryogenic melting technique is the
pparent power Papp supplied by the high frequency generator
o the inductor. One part of the apparent power is used to melt
he alloy whereas the other part maintains the metallic droplet in

wer of (a) and (b) 46 kW; (c) 61 kW. The inset in (a) shows the corresponding
(arrow A). The particles are covered by an oxide layer (arrow B).
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Table 2
Particles size, particles shape and yield rate for different apparent powers sup-
plied to the inductor during the synthesis of the powders

Apparent power
(kW)

Particles
size (nm)

Particles shape Yield rate
(g min−1)

61 63 Not well-defined 0.52
5
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evitation in the inductor. The higher the power is, the higher the
evitation force is and the higher the droplet is in the inductor.
n the contrary, when the power is too low, levitation is no more
ossible.

Nanopowders have been synthesized using three different
pparent powers: 46, 50 and 61 kW. For Papp = 46 kW, the X-
ay diffraction pattern of powders containing 0.045 at.% Ag is
hown in Fig. 1. Two phases are co-existing: a Cu-rich phase
nd the oxide Cu2O which comes from the soft oxidation in
exane. No peak characteristic of an Ag-rich phase is detected.
he volume fraction of the oxide is estimated around 25 vol.%

rom the X-ray lines (this value is confirmed by the TEM
bservations showing an average 2.5 nm thick layer of oxide
urrounding the particles). The lattice parameter measured is
qual to 0.3616 ± 0.0001 nm and is similar to the one obtained
or nanoparticles of pure copper. According to the TEM micro-
raphs (Fig. 2a and b), some of the particles contain twins (arrow
) coming from the synthesis process. Except for the oxide

ayer, no contrast due to chemical heterogeneities is detected
nd the electronic diffraction pattern exhibits the characteristic
ings of the fcc structure of a Cu-rich phase as well as two rings
haracteristic of Cu2O. Similar features are obtained for all the
ther synthesized particles, independently of the chemical com-
osition and the applied power. Both X-ray diffraction analyses
nd TEM observations suggest that Ag forms a supersaturated
olid solution with Cu in the nanoparticles. According to the
quilibrium phase diagram, no solid solution of Ag in Cu can
xist at room temperature [16]. However, numerous metastable
upersaturated Cu-rich and Ag-rich solid solutions, have been
btained in the Cu–Ag system by vapor quenching or liquid
uenching [16]. During the synthesis, the Cu–Ag alloy is in non-
quilibrium conditions, which is likely to lead to a metastable
u-rich solid solution. Similar enhanced solubility limits have
lready reported in nanoparticles for different binary systems
uch as Fe–Ni, Ag–Fe, Ti–Mg or Cu–Bi [1,15].
The size and the shape of the particles as well as the yield rate
or each apparent power are reported in Table 2. The particles
ize, estimated from the X-ray diffraction patterns, is measured
rom the slope of the modified Halder–Wagner plot Fig. 3a.

l
f
a
o

ig. 3. (a) Modified Halder–Wagner analysis and (b) particles size distribution for na
6 kW. The dots refer to the experimental data obtained from TEM micrographs by
alculated from the experimental data.
0 51 Spherical 0.605
6 47 Spherical 0.62

hen the apparent power decreases from 61 to 46 kW, the
verage particles size decreases from 63 to 47 nm. The values
btained from the XRD analysis are in agreement with the mean
rain estimated from TEM micrographs by manual counting
ver around 200 particles. As shown in Fig. 3b the particles size
istribution has a log-normal shape, characteristic for nanopar-
icles prepared by gas condensation techniques [27]. For the
owders with 0.045 at.% Ag prepared at 46 kW, the particles
ize ranges between 20 and 170 nm with an average value equal
o 52 nm. The TEM micrographs shown in Fig. 2 reveal that for
he lowest power, the particles are spherical and only agglomer-
ted by weak bonding, such as Van der Waals forces (Fig. 2a and
). When the power increases, the particles do not have a well-
efined shape and are very agglomerated with sintering necks
etween some of them (Fig. 2c). At last, an increase of the yield
ate from 0.52 to 0.62 g min−1 is observed with a decrease in the
pparent power from 61 to 46 kW (Table 2). To summarize, the
owest apparent power (46 kW) supplied to the inductor leads
o the finest, less agglomerated and more spherical particles and
o the highest yield. Such a trend has already been reported for
anoparticles of pure copper [28].

In order to correlate the size and the shape of the particles and
he yield rate to the apparent power, it is important to understand
he phenomena occurring, during the synthesis, in the calefac-
ion layer between the molten metallic droplet and the cryogenic

iquid. In the calefaction layer, the formation of the particles
ollows three different steps: nucleation, growth and agglomer-
tion. During the nucleation step, the critical size and the number
f stable nuclei depend on the supersaturation ratio S defined by

nopowders containing 0.045 at.% Ag and produced with an apparent power of
manual counting over 200 particles. The solid line is a log-normal distribution
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ig. 4. Schematic illustration of the phenomena occurring in the calefaction
epresents the end of the process.

= P

P0
(5)

here P is the pressure close to the molten metallic droplet and
0 is the vapor saturating pressure. According to the homoge-
eous nucleation model, the critical nucleus size is inversely
roportional to ln(S) whereas the number of stable nuclei is
irectly proportional to S. A higher S value leads to a larger
uantity of smaller particles. The major drawback is that a high
upersaturation rate also enhances the coalescence and growth
f the formed stable nuclei, leading to a substantial increase in
he particles size. Experimentally, the supersaturation rate can
e modified by changing the temperature of the molten droplet,
.e. by changing the apparent power supplied to the inductor.
ig. 4 is a schematic description of the phenomena suspected in

he calefaction layer for apparent powers of 46–61 kW. When
he apparent power is low, the droplet is in the lower part of
he inductor and the temperature supplied to the liquid metal is
igh. A high number of very fine stable nuclei are formed but,
ecause of the high supersaturation rate, they grow and coalesce
uickly. The well-defined spherical shape of the particles for the
ower power suggests that the synthesis process is stopped by
he cryogenic liquid just after a coalescence step, as shown in
ig. 4. In the contrary, for a high apparent power, the molten
roplet is in the upper part of the inductor and the temperature
s lower. Fewer nuclei with a larger critical size are formed,
hich results in a lower yield. Fewer coalescence events occur
ut this is not sufficient to counterbalance the difference in the
uclei critical size between the low and high power. Therefore, in
pite of a longer time in the calefaction layer, the finest particles
re obtained for Papp = 46 kW. The agglomeration and bonding
bserved for Papp = 61 kW suggest that the process is stopped in
he middle of a coalescence step.

. Summary

Synthesis and characterization of Ag doped Cu nanoparti-
les prepared by the cryogenic melting technique have been

eported. Because of the differences in the vapor pressure of
he two metals, deviation in composition between the master
lloy and the powders occurs. At the beginning of the synthe-
is, the powders are systematically enriched with Ag but the

[
[
[

during the synthesis for (a) Papp = 46 kW; (b) Papp = 61 kW. The dashed line

ilver content continuously decreases during the process. We
ave shown that a relevant de-agglomeration of the powders
eads to a macroscopically homogeneous chemical composition.
ptimized synthesis conditions give spherical particles with a
ean diameter of 50 nm. The crystalline structure consists in a
etastable supersaturated solid solution of Ag in Cu.
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