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Abstract

A composite of Sc,W30,,/Cu where Sc,W301,, the core, is coated by the Cu shell was synthesized using simple electroless plating method. As-
prepared Sc,W;01,/Cu composites were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive
spectrometry (EDS) and thermomechanical analyzer (TMA) techniques. The study results show that the Pd—Sn activator was successfully formed
on the surface of Sc, W30, after the sensitization and activation. In the electroless plating process, Cu nanocrystals formed firstly, and then grew
together to form a continuous coating. Sc,W30,,/Cu core—shell composites exhibit a negative linear coefficient of thermal expansion

CTE = —4.47 x 107°°C~" from room temperature to 200 °C.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Copper matrix composites (CMCs) consisting of a metallic
matrix (Cu) with high thermal conductivity and a ceramic
reinforcement (SiC [1], AIN [2], TiB, [3,4], and -eucryptite
[5]) with low coefficient thermal expansion (CTE) provide
exceptional freedom in tailoring these two properties to specific
application [6]. For example, application for thermal manage-
ment systems in electronics (e.g. expansion matched to
substrate while maximizing conductivity for electronic heat
sinks) [7].

Since generally increasing the ceramic content of composite
decreases both of thermal conductivity and thermal expansion,
ceramic with a negative CTE is a promising candidates as
reinforcement to maximize the conductivity/expansion ratio of
the composite. Cubic ZrW,Oyg is the most well-known negative
thermal expansion (NTE) material, as it displays isotropic NTE
over a large temperature range (—273 to 777 °C) [8]. Dunand [9]
had tried to combine it with copper to develop composite with
high thermal conductivity and controlled CTE. Unfortunately,
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ZrW,0g/Cu composite exhibited very large dilatometric
expansion on heating and contraction on cooling, much above
those predicted from thermo-elasticity theory [10]. This
unexpected result was proved to be caused by the formation
of the high-pressure y-ZrW,Og phase from the ambient pressure
a-ZrW,0g phase at about 0.4 GPa [11] (or B-ZrW,Og phase
above 423 K [12]).

Sc, W30, as another typical NTE material shows stronger
negative thermal expansion (CTE of its ceramic bar is
—11 x 107°°C™") than that shown by ZrW,Og, and its NTE
behavior continues from room temperature to 927 °C (the upper
temperature limit of their equipment [13]) and ~11 GPa [14].
No phase transitions are observed in this temperature range, and
the higher onset transition pressure might be advantageous for
its applications in CMCs composites. Few literatures about
Sc,W304;,-containing CMCs composites had been reported
thus far.

In this paper, Sco,W30,,/Cu composites with core—shell
structure were prepared. Electroless coating technology
(instead of an admixture method) was utilized to enhance
the compatibility between ceramic and metal component. The
structure, morphology and thermal expansion property of the
as-prepared samples were studied.
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2. Experimental
2.1. Preparation of Scy3(WO,)3;

Sc,W30,, powders were prepared using solid state method.
Stoichiometric Sc,0O; and WO; were thoroughly mixed and
ground, then the mixture was calcined at 900 °C for 30 h in air.

2.2. Preparation of Sc,;W30;,/Cu core—shell composite

Before electroless plating, surface treatment was carried out
on the Sc, W50, powders. Firstly, the Sc,W;0,, powders were
immersed in a HCI solution (20 wt%) with ultrasonic cleaning
for 2 min. After that the Sc,W30;, powders were sensitized in a
SnCl, solution (20 wt%) with ultrasonic processing for 5 min,
and then activated in a PdCl, solution (3 wt%) with ultrasonic
processing for 30 min.

The activated Sc, W30, powders were transferred into the
electroless copper coating bath solution with a pH of 12 at room
temperature, and ultrasonic processing for coating 2 h. The pH
was adjusted with 5 wt% NaOH solution. The Cu-coated
ScoW30,, powders were cleaned by distilled water several
times until the pH value of the water was equal to 7, and dried at
60 °C. The dried Cu-coated Sc,W30;, powders were ground
and pressed into a cylinder at 20 MPa with the size of
®5 mm x 30 mm, then the cylinder was heated at 1000 °C for
6 h in argon atmosphere.

The composition of the coating bath was as follows: 25 g/L.
of CuSO45H,0, 12.5mL of HCHO (37 wt%), 90 g/l of
KNaC4H,04-4H,0, 25 g/L. of NaOH, 62 mg/L of K Fe(CN);
and 16 mg/L of 2,2'-dipyridyl, C,oHgN.

2.3. Characterization

The products were characterized by X-ray powder diffrac-
tion (XRD) analysis (D/max-2500, Rigaku, Japan) using Cu-
Ka radiation (A = 0.15406 nm) with 40 kV/200 mA. The XRD
patterns were collected between 20 = 10° and 26 = 70° with a
scan speed of 5° min~'. Morphological characterization was
carried out by Field Emission Scanning Electron Microscopy
(FE-SEM) using a JSM-7001F JEOL (Japan) microscope
equipped with EDS. The thermal expansion coefficients were
measured by thermomechanical analyzer (TMA, NETZSCH
DIL 402EP, Selb, Germany) using the cylinder specimen.

3. Results and discussion

The XRD pattern of the as-prepared Sc,W50;, is shown in
Fig. la. The powder X-ray diffraction pattern of the material
proved its crystalline nature and the peaks matched well with
standard Sc, W30, reflections (JCPDS: 21-1065) [14]. Fig. 1b
shows the XRD pattern of the Cu-coated Sc,W30,, powders.
No reflection could be discerned other than the (1 1 1) and
(2 00) diffraction peaks of Cu (JCPDS: 04-0836) with fcc
structure, implying that a thick layer of Cu was deposited on the
surface of Sco,W505.
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Fig. 1. XRD patterns of (a) the Sc; W30, powders and (b) Sc; W30,,/Cu core—
shell composite powders.

SEM micrographs of Sc;W;0;, and Cu-coated Sc,W;0,
powders are presented in Fig. 2. The morphology seen in Fig. 2a
is the typical irregular Sc, W30, particles with the average size
about 1-1.5 pm, it is found in further observations that some
particles conglutinate to each other due to the high sintering
temperature. In Fig. 2b, all the Sc, W30, particles are observed
to be homogeneously coated with Cu particles by the present
electroless technique. It is to be noted that the Cu-coated
Sc,W30,, particles also exhibit the irregular morphology,
suggesting that Cu crystallites with diameters of 200 nm are
absorbed into the surfaces of Sc,W30, particles by physical
bonding. Even though the physical bonding types between the
Sc, W30, and Cu particles are not now fully understood, one of
which Van der Waals’ forces may function. When settling nano-
sized Cu crystallites are in contact with rigid surfaces of the
Sc,W30,, particles, an instantaneous shear strain might
possibly occur at the surface of Cu particle due to the
combined effects of relative sliding and the ductility of the nano
Cu crystallites [15]. Fig. 2c shows high-magnifications SEM
micrograph of the Cu-coated Sc,W301,, it is evident that there
was a relatively continuous, dense and uniform layer of Cu on
the surface of all the Sc,W;0,, particles, so was there on the
small amount of debris. EDS of Sc,W30;, and Cu-coated
Sco,W30,, powder are presented in Fig. 2e and f. The EDS
spectrum of Sc, W30, is composed of Sc, W and O with atomic
ratio of 2:2.97:12.74, close to the stoichiometric ratio; while the
Cu-coated Sc, W30, as indicated by Fig. 2e mainly consisted
of Cu. It should be noted that the peaks corresponding to Cu
were not detected in the as-prepared Sc,W30;,, and they
appeared only after the electroless coating process, indicating
successful Cu deposition on the Sc, W30, surface and the
formation of Sc,W;0,/Cu core—shell composite by the present
electroless technique.

The density of the Sc,W30;,/Cu core—shell composite
powders calculated by measuring the mass and volume was
about 5.13 g/cm’. The average specific volume resistivity,
obtained by the four probe method, was 153.4 K Q™' for
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Fig. 2. SEM micrographs of (a) Sc, W30, powders, (b) and (¢) Sc; W301,/Cu core—shell composite powders at different magnifications, (d) the obtained products by
coating Sc, W30, without sensitization and activation, (e) EDS analysis of the Sc,W30,, powders and (f) Sc;W30,,/Cu core—shell composite powders.

Sc,W;50;, and 345.78 Q! for the Sc,W304,/Cu core—shell
composite. This great decrease in the specific resistivity
confirms that the Sc,W30;, was covered by the copper.

It is known that the electroless coating process is an
autocatalytic redox reaction [16]. The beginning of the copper
deposition is controlled by the anodic processes, and Pd was
usually thought as the active catalyst in electroless plating
process [17]. In order to investigate the role of Pd, the
Sc,W304, powders without sensitization and activation were
used in the same electroless copper coating bath, and the SEM
image of the resulting product is shown in Fig. 2d. Its
morphology is greatly different from that obtained after
sensitization and activation; the product consists of two
different sizes of particles. According to EDS results, the

larger one is Sc,W30;, and the smaller one is Cu. The
nucleation of the Cu randomly formed in the solution rather
than on the surface of Sc,W;0;, particles under this condition,
$0 Sc,;W30,,/Cu core—shell structure only can be obtained in
the presence of catalyst Pd.

Based on the above XRD, SEM and EDS analyses, we
suggest that the possible mechanism of electroless copper
plating of Sc,W;0,, powder is as follows.

First, Sn>* was adsorbed uniformly on the surface of
Sc,W304, by the static force when Sc,W;0,, powder was
transferred to the sensitization solution. This is very important
to form the Pd—Sn catalytic core in the activation processing. In
the present work, the activation was completed in the PdCl,
solution. Hence, the Pd** and Sn** should react following
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equation (Eq. (1)):
Pd>* + Sn?* —Pd + Sn** (1)

The Pd-Sn catalytic core facilitates conditions for electro-
less plating. Sc,W30;, after sensitization and activation were
put into the plating solution, Cu®* get deposited on Pd—Sn
catalytic core surface by capturing electrons furnished by
reducing agent (HCHO) via the following chemical reactions:

Anodic reaction

2HCHO + 40H™ — H>* 4+ 2HCOO™ + H,0 + 2¢~

2
Cathodicreaction :  Cu’* 4 2¢~ — Cu 3)
The overall reaction can be written as:
Cu®* 4+ 2HCHO + 40H™ — Cu | + H?>* 1 + 2HCOO~
+H,0 “)

Firstly, Cu nanoparticles are formed after nucleation, then,
the superfluous Cu®* ions in the solution would be adsorbed on
the Cu nanoparticles to form bigger particles. These Cu
particles contact with Sc,W;0, since the copper reduction
occurs on the Sco,W;0,, surface. Hence the Sc,W30,,—Cu
core—shell structure is formed.

The dependence of thermal expansion and thermal expan-
sion coefficient on temperature of Sc,(WQOy,); and Sc, W30,/
Cu core—shell composite were measured with a dilatometer, and
the results are shown in Fig. 3. The CTE («(7)) was calculated
by using Eq. (5) [16]:

1 oL(T)

— ®)

1) =77y ot

Here, T and L(T) indicate the temperature and length of the
specimen at temperature. As expected, Sc,(WO,); exhibits
negative thermal expansion (—5.82 x 107° °C™") from room
temperature to 600 °C, this result matches the report of
Sleight et al. [14]. An almost constant negative thermal
expansion coefficient (—4.47 x 107%°C~") was observed for
Scy;W30;,/Cu core—shell composite from room temperature
to 200 °C, followed by an abrupt jump in the thermal
expansion curve. Discrete difference of thermal expansion
coefficient at 200 °C could be ascribed to the oxidation of
copper. The specimen after TMA test takes on black color,
and XRD and EDS analysis confirm that a new layer of CuO is
created on the surface due to the oxidation of Cu crystallites.
Unfortunately, the TMA used cannot test samples in inert gas
atmosphere. ~The decrease in the CTE (from
—5.82x107%°C™! to —4.47 x 107°°C™") is another evi-
dence for Cu deposition on the Sc, W30, surface as Cu shows
positive thermal expansion (17.7 x 107 °C™"). The CTE of
the Sc,W30,,/Cu core—shell composite could be adjusted to
be negative, positive or even near zero just by controlling the
thickness of the Cu shell. Moreover, this present synthesis
method of synthesizing Sc,W30;,/Cu core—shell composite
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Fig. 3. Temperature dependence of linear thermal expansion of (a) the
ScoW301, and (b) Sc;W50,,/Cu core—shell composite.

shows an easy processing to attain the final product, which
can be applied in a variety of fields, including metrology,
precision optics, and space structures, and new functional
device assemblies.

4. Conclusion

In summary, the Sc,W30,,/Cu composites have been
successfully synthesized with the coating of copper layers
on Sc, W30, using electroless plating technique. A core—shell
structure is constructed where the core is Sco, W50, and Cu acts
as the shell. The formation of catalytic of Pd—Sn core structure
is a key factor to the construction of the Sc,W;0,,/Cu core—
shell structure in the present electroless plating process, first,
Pd—Sn catalytic core is believed to be adsorbed to Sco W30,
surfaces after the sensitization and activation, followed by the
deposition of nano-sized Cu crystallites on the Pd-Sn core
surface and grew together to form continuous coating. The
Sc,W50,,/Cu composite with a density of about 5.13 g/cm?
displays negative thermal expansion (—4.47 x 107°°C™)
from room temperature to 200 °C due to the limit of the
equipment.
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