JOURNAL OF MATERIALS SCIENCE36(2001)1419- 1424

Codeposition of nanocrystalline aluminides on a
copper substrate

I. MANNA* P. P. CHATTOPADHYAY, B. CHATTERJEE, S. K. PABI
Metallurgical and Materials Engineering Department, Indian Institute of Technology,
Kharagpur, W. B. 721302, India

E-mail: imanna@metal.iitkgp.ernet.in

The present study concerns codeposition of nanocrystalline aluminide particles (NbAl; and
CugAl,) along with electrodeposition of Cu on a Cu substrate. It is shown that the success of
codeposition primarily depends on the selection of an appropriate electrolyte. Following
codeposition under an optimum deposition condition, the microstructure, phase identity
and composition of the deposit layer have been studied. In addition, microhardness and
electrical resistivity of the deposit have been determined. A suitable correlation of the
microstructure and composition of the deposit with its properties suggests that
codeposition of NbAls is more effective in enhancing the hardness. However, codeposition
beyond a limit adversely affects the electrical conductivity. The optimum conditions for
codeposition to enhance hardness without adversely affecting conductivity have been
determined. Finally, it is predicted codeposition could be a suitable technique for
developing a surface composite microstructure with uniform distribution of nanocrystalline
aluminide particles. © 2001 Kluwer Academic Publishers

1. Introduction compounds on the surface by codeposition has signif-
Copper is widely used as electrical and thermal conicantly improved the superficial mechanical properties
ductors due to its very high conductivity [1]. However, of Cu without any detriment to the electrical conduc-
pure Cu possesses a poor wear and oxidation resistantieity of the material [6]. However, ultra-fine particles
which pose difficulties like short circuiting in electri- are prone to chemical reactions. In fact, attempts to
cal contacts. Addition of Sn, Zn, Al, etc. to the bulk deposit other aluminides (say, §Al4) using the same

is known to improve the wear and oxidation resistancemedium/technique have notbeen successful. Therefore,
of Cu, though, deteriorating the electrical conductiv-the success of codeposition largely depends on finding
ity in the process. However, wear and oxidation area suitable electrolytic medium that does not chemically
surface dependent degradation. Therefore, tailoring thdegrade the fine particles.

surface microstructure and/or composition of the near- Inthe presentinvestigation, an attempthas been made
surface region of Cu based conductors may achieve th® enhance the wear resistance of Cu by codeposition
required protection against wear and oxidation withoutof hard nanocrystalline aluminide particles (namely,
deteriorating the electrical and thermal conductivity of NbAl; and CuyAl,) along with electrodeposition of
Cu. Recently, attempts have been made to introduc€u on pure Cu substrates. Following codeposition a
Cr on the surfaces of Cu by laser surface alloying todetailed characterization of the surface microstructure,
enhance the wear resistance of the substrate [2, 3]. Beomposition, hardness and electrical conductivity has
sides laser surface alloying, electrochemical codeposibeen undertaken. Finally, an attempt has been made to
tion of ceramic particles (e.g., #Ds) on metal surfaces compare the codeposited microstructure and improve-
(like Cu and Ni) has recently been attempted to deiment of the surface properties of Cu following codepo-
velop few micrometer deep composite microstructuresition of CwAl 4 vis-&4-vis NbAk using different elec-

on the surface [4]. The finer the particles, the more unitrolytes and conditions of deposition.

form distribution of these particles on the codeposited

surface. Subsequently, it is reported that mechanical

properties of the metallic substrate with such a com2. Experimental

posite surface microstructure are remarkably improvedNanocrystalline NbAJ was synthesized by MA of a

in comparison to that of the bulk [5]. However, disper- stoichiometric amount (NigAl 75) of elemental Nb and
sion of the insulators like AlD; may deteriorate the Al powders 99.5% purity) having an average parti-
conductivity of the codeposited layer in applicationscle size of 10Qum in a Fritsch P5 planetary ball mill
like electrical contacts, conducting springs, etc. On thén hardened chrome steel vials and balls rotating at a
other hand, dispersion of the ultra-fine intermetallicdisc speed of 300 rpm at a ball to powder weight ratio
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of 10: 1. Similarly, MA of a Cu-Al powder blend with  where, H, is the microhardness in kg/nfimL is the

the required initial composition was carried out in the applied load in g, and,, is the average diagonal width
same device under similar milling conditions for up in ;m.

to 20 h. Subsequently, the as milled powder was sub- Subsequently, a selected set of samples, prepared by
jected to isothermal annealing at 2@for 2 h. The  codeposition of the chosen nano-aluminide particles
as milled and/or annealed powders were collected afith Cu on transparent silica substrates pre-coated by
appropriate stages to determine the identity and avephysical vapor deposition with g.dm thick Cu film was

age crystallite diameted() through x-ray diffraction  subjected to electrical resistivity measurements by the
(XRD) using a Phillips PW 1840 diffractometer with four probe direct current Double Kelvin Bridge method.
Co-K, (0.179 nm) radiationd. was calculated through  For these measurements, the dependence on geometry
a peak broadening analysis based on Scherrer equand sensitivity to the boundary conditions was normal-
tion [7] after suitable elimination of strain and instru- jzed by adopting the Van der Pauw method of correc-
mental broadening effects [8]. tion [9]. Finally, an attempt has been made to correlate

Initial trials revealed that nanocrystalline NAE-  the conductivity and hardness with the microstructure
mained unreacted while G&l4 dissociated to form and composition of the surface layer.

Al,O3 and Cuwhen dispersed and suspended in GuSO

solution for over 10 h (i.e., a typical codeposition time).

Subsequent attempts showed that mildly acidic aqueous, Results and discussion

solution of Cu(CHCOO), was suitable for the disper- 3.1, Synthesis of intermetallic phases

sion and codeposition of GAl4 along with the elec-  Fig. 1 shows the evolution of the ordered Npphase
trodeposition of Cu on Cu cathodes without any chemiguring planetary ball milling of an elemental blend of
cal change of CsAl4 suspended in the Cu(GBOO).  Nb and Al powders. It is found thal. of NbAl; is
solution. Therefore, an acidified CU$®ath (Wlth a reduced to below 10 nm after 30 h of ball m||||ng (Ca|-
pH level of 3.5-4.0) was used for codeposition of thecylated from the broadening of the (142); peak).
suspended NbAlnano-particles along with electrode- However, XRD patterns obtained from the ¢Al 33
position of Cu on flat Cu plates. On the other hand,powder blend after prolonged ball milling indicate that
codeposition of CgAl4 was carried out in a mildly MA yields a metastable bce phase rather than the de-
acidic bath (with a pH level of 5.0-5.5) prepared by sjred ordered intermetallic compound (Fig. 2). In or-
dissolving Cu(CHCOO), in an aqueous medium with der to obtain the ordered GAil 4 phase, the ball milled

the same electrodes as that used for the GUSEh.  product (fort =20 h) was subjected to an isothermal
The electrodeposition was carried out at a d.c. potentighnnealing treatment at different tremperatures for a rea-
of 3-5 and 1-2 volts applied between the Cu-cathod&onable duration of time (2 h). Subsequent XRD anal-
and Pt-electrode for CuS@nd Cu(CHCOO), baths,  yses reveal that isothermal annealing at°ZDéor 2 h
respectively. In both the cases, the baths were mairproduces an almostidentical pattern as that after anneal-
tained at 40C USing a thermostat. The Uniformity of |ng at400C for2 h. Hence, annea”ng at Z{Ioappears

the dispersion of particles was maintained by magneti¢apable of transforming the metastable bcc phase to the
stirring prior to (for 30 min) and during electrodepo- ordered CyAl4 phase withd. ~ 65 nm (Fig. 2).

sition. The process parameters varied were tige (
current () and dispersion weightu() of the powder
particles. Table | summarizes the process parameters
used for codeposition of NbAlnd CuyAl,.

Following codeposition under predetermined rou-
tines, the samples were subjected to a detailed char-
acterization in terms of the surface microstructure (by
scanning electron microscopy, SEM), surface chem-
istry (by energy dispersive spectroscopy, EDS), and= 30h
phase identity (by XRD). Superficial hardness of the' &
codeposited samples was determined by using Vicker§:
microhardness tester with 50 g applied load. The avers
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TABLE | Codeposition parameters used in the present experiment 1h
Intermetallic Current Stirrer speed 25 50 75 100
Electrolyte Cathode phase pH (A) (rpm) 20 (degree)
CusQ Cu NbzAl 3.5-4.0 3.0-4.0 50-70

Figure 1 XRD patterns obtained from a N§Al 75 powder blend follow-

Cu(CHCOO), Cu CwAla 5.0-5.5 0.5-1.0 25-30
ing ball milling for different periods of cumulative time.
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Figure 2 XRD patterns obtained from a GtAl 33 powder blend follow- -
ing ball milling for 20 h and subsequent isothermal annealing (for 2 h) )
at different temperatures. R /,' { Experimental
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3.2. Codeposition of intermetallic particles
Initial trials in the present experiment reveal that the
relative rate of electrodeposition of Cu and codeposi-
tion of the nano-particles is crucial to obtain a smooth
and adherent deposit layer on the surface. While elec-
trodeposition is a strong function of codeposition is
. . - - - - . 0.0
primarily dictated byw and uniformity of dispersion 0.00 6.25 12.50
of the nano-particles. Therefor@, must have an up- £ (h)

per limit for any giveni, beyond which accumulation

of exces_s pamCIeS on th_e CathOde may hinder the ele@-’lgure 3 Variation of accumulated massn{) obtained by codeposi-
trochemical process of ionic charge transfer betweemon of (a) NbAk and (b) CyAl 4 particles dispersed within the electro-
the cathode and Cu ions. Earlier, it has been showdeposited Cu matrix as a function of codeposition time.

that the ratio of mass of electrodeposited Cu to that
of codeposited NbAl particles remain typically at 1.8
under the condition of maximum density of codepo-
sition [6]. Assuming a similar condition that the code-
posited spherical nano-particles are in contact with eacE
other and electrodeposited Cu atoms are embedded
the interstitial spaces of those nano-patrticles, a simpl
arithmetic calculation yields

m
Cu_ ggPu )
mp pp

where, the subscripts Cu and P to the mams} gnd
density () terms related to Cu and the nano-particles,

However, the higher thg, the greater the difference
etween the theoretically predicted and experimentally
etermined values af in both the cases of codepo-
Btion. This difference may be attributed to the gradual
Gilution of Cu-ions and nano-particles in the solutions
with the progress of electro/codeposition. Thus, Equa-
tion 2 may be useful to calculate the amount of nano-
particles to be suspended in the electrolyte to obtain the
requiredm, for a given condition of codeposition.

respectively. Thus, the deposited mass is proportionad.3. Microstructure and composition

to the concerned density. Fig. 3 presents a variation of

of the deposit

the theoretically determined values of the total elec+ollowing codeposition, a microstructural investigation

trodeposited mass$rg = mcy+ mp) as a function ot
for codeposition of both NbAland CygAl 4 particles.

of the codeposited surface has been conducted to re-
veal the distribution of the codeposited particles on the

For a suitable comparison, the experimentally detersurface of the substrates. Fig. 4 reveals a typical scan-

mined values ofry in the cases of NbAland CyAl,4

ning electron micrograph of the surface of a Cu sub-

are included in Fig. 3. It is apparent that the predictedstrate codeposited with NbApowders. It is evident
rate is closer to the experimentally determined depothat NbAk is mostly deposited along the boundaries

sition Kinetics in the case of codeposition of J3ly.

of electrodeposited Cu grains. However, Fig. 4 also
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Figure 4 SEM micrograph showing the distribution of Nbfparticles along the grain boundary as well as within the bulk.

evidences entrapment of NbAparticles both along It may be mentioned here that the interface between
the grain boundaries and within the grain bodies. Thehe deposit and underlying substrate is quite sharp both
NDbAI; particles tend to agglomerate into coarser aggrein terms of microstructure and composition. However,
gate of nearly micrometer sizes during codepositionthe deposit is well compatible with the substrate and is
These morphological features are in accordance witlievoid of any noticeable defect (crack or porosity) in
the earlier reported study of codeposition of NpAh  either cases of codeposition.
Cu [6]. Figs 7 and 8 confirm the presence of NpAind
Similar scanning electron micrographs of the Cu sur-CwAl 4 in the codeposited surface of Cu through a
face codeposited with GAl 4 are shownin Figs5and 6. careful XRD analysis of the codeposited samples. It
Here, the CyAl 4 particles, in addition to segregating in may be noted that the intensity distribution of the
the interdendritic spaces, get entrapped on the tips of th€u peaks shown in Fig. 7 for codeposition of NBAI
advancing Cu-dendrites in large quantity. It is interestfrom CuSQ bath is different than those in Fig. 8 ob-
ing to note that the morphologies of deposited compostained from a sample with codeposition ofdali, from
ite layers obtained by codepositing NbBAkqui-axed) Cu(CHCOOQO), bath. In the former, the peak intensi-
using the CuS@ electrolyte (Fig. 4) and codeposit- ties () are decreasing in the orderiebg < l200 < 111,
ing CwAl,4 (dendritic) using the Cu(C¥COO), elec-  while in the latter, the intensity distribution follows that
trolyte (Figs 5 and 6) are distinctly different. Perhaps,recorded in the standard powder diffraction profile (i.e.
the influence of the concerned electrolyte on the interd 111 > 200 > 1220). Such a difference may be attributed
facial energy is responsible for developing the differentto the development of pronounced texture during elec-
growth morphologies of the deposit. trodeposition of Cu.

Figure 5 SEM micrograph showing the dendritic morphology of the electrodeposited Cu with codeposiiid Particles embedded on it.
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Figure 6 SEM micrograph showing the distribution of 6Ad 4 particles in the interdendritic region as well as within the dendrites.
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Figure 7 XRD pattern of codeposited surface showing the presence ofrigure 8 XRD pattern of codeposited surface showing the presence of
the NbAL particles dispersed in the electrodeposited Cu matrix. the CwAl4 particles dispersed in the electrodeposited Cu matrix.

A selective EDS analysis reveals the presence of Cuthe impurities picked up during MA using the hardened
Nb, Al, Cr and Fe in randomly chosen areas of thesteel media in the planetary ball mill.
surface deposits containing NBAFe and Cr may be
the impurities introduced during ball milling. A typical
analysis result shows: Cu-40.52, Nb-11.68, Al-36.15,3.4. Properties of the codeposited surface
Cr-2.89 and Fe-8.76 (all in at.%). This result further Table Il summarizes the mechanical (hardnég$and
confirms that Nb and Al are present in the surface deelectrical (resistivity) properties of the surface deposits
posit as NbAd (Nb: Al =11.68:36.15<1:3). Asim-  for different density of dispersion in the electrolyte dur-
ilar EDS analysis of several spots on the Cu-surfacéng codeposition of both NbAland CyAl 4. Itis appar-
codeposited with G3Al 4, reveals an average composi- ent that the averagh, (taken from several regions of
tion of Cu-71.0, Al-26.45, Cr-0.64 and Fe-1.92. In thethe surface deposit) of the co-deposited Npgdmples
case of codeposition of GAl 4 the presence of the latter registers a 2.5—4 fold increase than that of the pure Cu
could not be confirmed from the results of EDS anal-substrate. In addition, it is further interesting to note
ysis as Cu is a part of both the dispersoid and matrixthat the resistivity of the co-deposited NkAamples
It may noted that the presence of Fe and Cr in both theemains nearly identical (same order of magnitude) as
codeposited surfaces indicates that these elements dret of pure Cu. At higher volume fraction of NbAI
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TABLE Il Resultsofhardness and electrical resistivity measurementhoundaries, while GJAl 4 nano_pa_rticles are dispersed
within the dendritic arms and interdendritic spaces of

Sample Particles (g/l)  Hy (VHN) Resistivity €cm) electrodeposited Cu, respectively.
Pure Cu — 84 1.610°° 3. A mathematical expression is proposed to deter-
2 215 7.8<10° mine the approximate ratio of the relative amounts of
CulNbAlz 3 293 8.9<10°2 the electrolyte and particles to be dispersed in the elec-
‘21 f;‘g ;:éﬁ ige trolyte for the given values of deposition current, dura-
CulCwAl, 3 177 3.0¢ 10-6 tion and dispersion density.
4 195 7.0x 1076 4. It appears that the selection of a proper electrolyte

is the most important criterion for the successful code-
position of a chosen intermetallic compound. Further-
more, the growth morphology may widely differ for the
ame substrate and electrodeposited metal during the
odeposition process if the electrolytes are different.
5. It is demonstrated that average microhardness of
uincreases by 2.5-4 fold under the suitable conditions
f codeposition without adversely affecting its electri-
al conductivity. Codeposition of NbAkppears to be

however, resistivity is an order of magnitude higher
than that of pure Cu. Similar results are also obtaine
in the case of codeposition of gAll 5. Here, approxi-

mately a two fold increase in hardness is obtained indi-C
cating a marginal improvement of mechanical property,
of the co-deposited surface in comparison to that du%

to the dispersion of NbAlparticles. However, it may more effective than Gal 4 in improving the hardness

be_ mentioned that an ingreasel—ilm with higher than a of the codeposited copper surface in comparison to that
critical amount or density of NbAlor CwAl4 may of the bulk

adversely affect the conductivity of the codeposited
surface.

Finally, itis relevantto mention that a similar codepo-
sition of nano-patrticles s, in principle, feasible on other
substrates like Ni, Fe, Al or their alloys, provided a suit-
able electrolyte is found which doesn’t chemically reactpoferences
withthe chosen nano-particles. Inview ofthe highreac- ¢~ g wesT, in “Copper and its Alloys’ (Ellis Harwood,
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