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ABSTRACT

This review presents a general survey on synthesis and processing techniques of tungsten
copper (W-Cu) composite powders for achieving electrical contact materials for power engineering
applications. Several chemical and mechano-chemical synthesis methods for obtaining W-Cu
composite powders in nano or micro scales from various W and Cu metal salt precursors combined
with hydrogen reduction or nitridation-denitridation processes are reported along with powder
metallurgy (PM) techniques employed in manufacturing W-Cu electrical contact materials. The
main advantages and disadvantages of synthesis and processing techniques are summarized, too.
The interdepencies among the properties of starting materials and final products in relation with
synthesis and processing parameters are highlighted. The review reveals that the development of
W-Cu advanced materials with improved properties and scale-up potential is of a great interest in
practical applications related to materials science and engineering field.

Keywords: Tungsten copper composites, Synthesis methods, Powder metallurgy techniques,
Electrical contact materials, Power engineering applications.

INTRODUCTION

W-Cu composite materials for electrical
contact applications are manufactured by powder
metallurgy (PM) techniques due to the considerable
differences in the physical properties of W and Cu.
For example, the melting temperature is 3410°C
for W while for Cu is 1083°C, the density at room
temperature (RT) is 19.3 g/cm?® for W, respectively
8.96 g/cm? for Cu, and the thermal conductivity at

RT is 174 W/(mK) for W and 403 W/(mK) for Cu."2
Moreover, W and Cu have mutual insolubility or
neglijible solubility (<10® at.%) and low wettability
of W particles by Cu.?

W-(10-70) wt.% Cu contact materials
are commonly used in a wide range of power
engineering applications. The content of W and Cu
in electrical contact materials is selected depending
on the intended practical application from industry.
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W-(10-30) wt.% Cu contact materials are usually
applied in low voltage vacuum interrupters*® while
W-(15-40) wt.% Cu materials are used in medium
and high voltage power switches and circuit breakers
working in mineral oil or in sulphur hexaflorure
(SF,) gas.” On the other hand, W-(30-60) wt.% Cu
materials are destined for high power contactors.®
The increase of Cu content in W-Cu materials leads
to the increase of electrical and thermal conductivity
but decrease both contact resistance and wear
resistance to electric arc erosion®. On the contrary,
the increase of W content in W-Cu materials results
in hardness and wear resistance increase although
electrical and thermal conductivity decrease.!®!

W-Cu electrical contact materials have
to meet specific requirements such as high
purity, homogeneous microstructure and chemical
composition, high density, low surface roughness,
high hardness and mechanical strength, high
electrical and thermal conductivity, high electrical
breakdown strength, low contact resistance, high
resistance to welding in service and high resistance
to thermal and mechanical shock'4. The addition
of sintering activators (up to 1-3 wt.%) such as Ni,
Fe, Co, Cr, Zn, Zr, Ag and other transition elements
has advantages in improving sinterability, decreasing
sintering temperature, enhancing wettability of
W and Cu powder particles and improving mechanical
properties of W-Cu materials but the main drawback
is related to the decrease of electrical and thermal
conductivity.'®28 Even so, only an ideal W-Cu contact
material fulfills simultaneously the above mentioned
requirements. For this reason, there is a continuous
challenge for the researchers and end-users of
W-Cu composite materials to develop and exploit
new engineering materials with improved and
tailored properties without significant increase of
the production costs.

The literature studies on W-Cu materials
show the direct correlation between physical and
chemical properties of the starting materials,
synthesis methods, processing techniques and the
final product properties and performance.?*3" The
content and purity of the constitutive elements along
with particle size, shape and size distribution, bulk
density and fluidity of W-Cu composite powders are
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the major factors that influence the properties of
W-Cu electrical contact materials.®>% Bulk density
and fluidity of powders increase with particle size
increase. On the contrary, bulk density and fluidity
of powders decrease with particle shape decrease.
High purity, well established and controlled chemical
composition, well defined grain size distribution, grain
shape close to the spherical shape, high specific
area, good fluidity and good pressing capacity
are some of the main desirable characteristics
necessary to be fulfilled by W-Cu composite powders
to be suitable for manufacturing advanced electrical
contact materials. Very fine dispersions of W-Cu
composite powders contribute to the achievement
of homogeneous microstructure and highly dense
contact parts, which in turn lead to better functional
properties in operation.3*3 Fig. 1 shows the general
assessment criteria of contact materials.
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| |
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of raw materials

Fig. 1. General assessment criteria of contact materials

W-W contiguity (direct contact of W-W
particles in the microstructure that is dependent
on W solid volume fraction and W grain size)
is another factor that influence physical and
mechanical properties of W-Cu composites.®®-3 |t
is preferable to be achieved a low W-W contiguity
in the microstructure of W-Cu materials because
the densification takes place with the decrease of
W-W contiguity. Amirjan et al.,* revealed lower W-W
contiguity (27-37%) for W-20 wt.% Cu composites
consolidated from electroless Ni, Ni-P and
Ni-Cu-P coated W powders than the W-W contiguity
(around 60 %) found out for W-20 wt.% Cu materials
obtained by classical methods (sintering of W
skeletons and their infiltration with liquid Cu) from
non-functionalized W-Cu powders.?” It was also
proved that the W-20 wt.% Cu composites made
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by electroless Ni-Cu-P coated W powder with the
highest relative density (99.3 %) yielded the lowest
W-W contiguity (27 %).%¢

W-Cu composite oxide precursors are
commonly synthesized by chemical and mechano-
chemical methods.?%° Wet chemical synthesis
methods include chemical co-precipitation,3°-4¢
polyol method,*” hydrothermal synthesis,*84°
sol-gel method,%%%" sol-spray drying,%2-%¢ low
temperature combustion synthesis,® glycine-nitrate
combustion synthesis®® and freeze-drying method.®°
In wet chemical processes, soluble tungstates
and copper salts are used as raw materials to
synthesize W-Cu composite oxide precursors,
which are subsequently converted into W-Cu
composite powders by calcination and reduction in
hydrogen (H,) atmosphere or nitridation-denitridation
processes.5”5° Electroless Cu plating of W powders
is another efficient method to synthesize fine W-Cu
composite powders,2%61-67

Synthesis of W-Cu composite oxide
powders in nano and micro scales by chemical
means has the following advantages: obtaining of
new advanced materials, extension to large-scale
manufacturing and achievement of high yields.
Chemical synthesis methods allow manipulation
and mixing of materials at molecular level, which can
result in advanced homogeneity degrees when the
macroscopic properties of the materials are known
along with the conditions in which they assemble.
The disadvantages of these methods consist in
possibility of materials impurification and formation
of particle agglomerates during synthesis, drying and
calcination leading to the quality decrease of the final
products. Also, the toxicity of the precursors should
be taken into account in their selection.

Mechanical methods involve powder
mixing and blending in shaker-mixer equipment,
low energy ball milling (LEBM)®':7° and mechanical
alloying (MA)®%2 or high energy ball milling (HEBM)*72
in dry or wet conditions using planetary mills. Pure
W and Cu elemental powders or W-Cu composite
oxide precursors that are subsequently reduced
in H, atmosphere are used as starting materials
in order to attain W-Cu composite powders.”>"* W
and CuO were used also as starting materials in
mechanical milling process followed by H, reducing
to obtain W-Cu composites.”’® The advantages of
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mechanical methods consist of facile processing of
powders under solid state at ambient temperature
and efficient mixing of small and large batches
of powders at low costs”. The disadvantages are
related to the possibility of powders contamination
by particles detached from the milling bodies (balls
made of stainless steel, agate or cemented carbide)
especially for long duration and high speed milling.
Accordingly, negative effects on the properties of
W-Cu materials can occur as in the case of using low
amounts of sintering activators®. The contamination
may be increased for MA method that involves
repetitive cold welding, fracturing and rewelding of
composite powder particles during HEBM process
due to the collision between the milling bodies, as
well as between the milling bodies and the inner
surface of the milling bowl.” In both cases, direct
collision or with sliding can occur.

The synthesized precursors and final
composite powders based on W-Cu are analyzed by
various techniques such as X-ray diffraction (XRD),
Fourier Transform Infrared (FTIR) spectrometry, field
emission scanning electron microscopy (FESEM),
transmission electron microscopy (TEM), energy
dispersive spectrometry (EDS), Wavelength Dispersive
X-ray Fluorescence (WDXRF) spectrometry, laser
particle size analysis, and others. The calcination
temperature of the precursors is determined mainly
by thermogravimetry (TG) analysis.

This review presents a general survey
on chemical and mechano-chemical synthesis
methods to attain W-Cu composite powders that are
consolidated by PM techniques for the development
of electrical contact materials for power engineering
applications. Furthermore, W-Cu composites have
applications as arcing resistant electrodes* and in
electronics as heat sinks and spreaders for thermal
management of various devices.*®

Chemical co-precipitation methods and hydrogen
reduction process

The preparation of W-Cu powders by
co-precipitation methods consists in the precipitation
of W-Cu composite oxide precursors from the
solution containing the corresponding W and Cu
metal ions resulted from W and Cu soluble metal
salts precursors using suitable reducing and
stabilizing agents, followed by drying and calcination
of the precipitates, deagglomeration and reduction of
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the calcined compounds in flowing H, atmosphere. In
these methods, the growth of particles is controlled
by proper choice of W and Cu metal salts precursors,
reducing and stabilizing agents in terms of nature
and concentration together with tailoring the reaction
parameters such as dropping rate of precursors,
temperature and duration of process, reaction
atmosphere, stirring speed and pH of solution.
Particles with controlled properties (content, shape,
size and distribution) can be efficiently synthesized
using certain amounts of W and Cu metal salt
precursors to design the chemical composition of
the final W-Cu composite powders based on the
stoichiometric proportions. A possible drawback is
related to the composite powders homogeneity that
sometimes is difficult to be achieved. The scale-up of
composite powders may be expensive due to higher
amounts of raw materials. The reproducibility of the
powder properties is a challenge from small to large
scale production, too.

The commonly used W metal salt precursors
are ammonium metatungstate (AMT) hydrate
((NH,)H,W.,0,,°xH,0), ammonium paratungstate
(APT) hydrate ((NH,), H,W_,0,.,*5H,0), ammonium
tungstate (NH,)s2WO,, sodium tungstate dihydrate
(Na,WO +2H,0) and tungsten hexacarbonyl

(W(CO),). As Cu metal salt precursors are used
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mainly copper (Il) nitrate trinydrate Cu(NO,),*3H,0,
copper (ll) sulfate pentahydrate CuSO,*5H,0, copper
(1) chloride dihydrate CuCl2H,O and copper (II)
acetonyl acetonate (Cu(C,H,0,), or Cu(acac),).
The metal salts precursors are usually dissolved in
aqueous solutions.

Azar et al.,***° Ardestani et al.,*' and
Hashempour et al.,*>** employed a chemical
co-precipitation method in which the insoluble raw
precipitates were synthesized by adding drop wise
and under vigorously stirring aqueous NH, to a
mixture of aqueos solutions of Cu salt precursor
(Cu(NO,),#3H,0) and W salt precursor (AMT, APT
or Na,WO,*2H,0) and then heating the solution to
85-95°C up to 6 hours. The formed raw precipitates
were filtered, washed with distilled water, dried
at 120-150°C for 0.75-8 h and calcined in air at
450-600°C for 1-2 h to obtain W-Cu composite oxide
powders that were further reduced in H, gas at
800-900°C for 2-3 h to attain W-(10-40) wt.% Cu
composite powders (Table 1). The deagglomeration
of the dried and calcined powders was carried out
by mechanical milling and sieving. The technological
flow chart is shown in Fig. 2 (adapted from Cheng et
al.,*). The synthesized powders were investigated
by TG, XRD, SEM and TEM analyses.

Table 1: Physical and chemical properties of W-Cu composite powders obtained by chemical
co-precipitation methods and H, reduction process

S.No. Analytical reagents Synthesis conditions Properties of W-Cu composite powders Ref.
S1 AMT ag. sol. Temperature and duration Chemical composition: 39
Cu(NO,),-3H,0 of process: 85°C, 5 h; W-20 wt.% Cu
ag. sol. pH adjusting to 5-6; Washing, Crystallite size: 24.1 nm
Silver nitrate drying and calcination of Particle shape: polygonal
(AgNO,) aq. sol. precipitates in air at 600°C for 2 h; morphology
Aqueous NH, sol. H, reduction of composite
oxide powders at 850°C for 2 h
S2 APT agq. sol. Temperature and duration Chemical composition: 41
Cu(NO,),-3H,0 of process: 85-95°C, 3 h; W-(20-40) wt.% Cu
ag. sol. pH adjusting to 5; Washing, Particle shape and size: nearly
Aqueous NH, sol. drying and calcination of precipitates spherical with average diameter of
in air at 550°C for 1.5 h; 24-30 nm
H, reduction of composite
oxide powders at 800°C for 3 h
S3 Na,WO,-2H,O aq.sol. =~ Temperature and duration of process: Chemical composition: 42,
CquOQZ-S ,0aq.sol. 90°C, 1 h; pH adjusting to 7; Washing, W-25 wt.% Cu
Aqueous NH, sol. drying at 150°C for 0.75 h and calcination Particle size: 5-54 nm;
of precipitates in air at 450°C for 1 h; Particle shape: nearly spherical
H, reduction of composite oxide powders 43
at 800°C for 2.5 h
S4 Na,WO,-2H,0 aq. sol. ~ Temperature of process: 85°C; Chemical composition: 45
Cuél2-21-|20 ag. sol. pH adjusting to 7; W-30 wt.% Cu
Aqueous NH, sol. Washing, drying at 120°C for 2 h Particle size: 50-100 nm;
and calcination of precipitates in air at Particle shape: nearly spherical
750°C for 1 h;
H, reduction of composite oxide
powders at 900°C for 2 h
S5 AMT ag. sol., Cu(NO,),- Temperature and duration of process: 80°C, ~ Chemical composition: 46

3H,0 agq. sol.
H,C,0,-2H,0
ag. sol, Ethanol p.a.

2 h; Washing, drying and calcination of
precipitates in air at 300-600°C for 1.5 h;
H, reduction of composite oxide

powders at 750-800°C for 1-2 h

W-70 wt.% Cu
Particle size: 30-50 nm;
Particle shape: nearly spherical
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Fig. 2. Technological flow chart for obtaining W-Cu
composite powders by chemical co-precipitation methods
and H, reduction process (adapted from Cheng et al.,*).

XRD analysis of the dried precipitates
revealed the formation of cuprotungstite
Cu,WO,(OH), and cupric tungstate (VI) dihydrate
(CuWO,*2H,0).42** Composite oxide powders of
Cuwo,,, CuO and WO,, WO, type were identified
in the XRD patterns after calcination of the dried
precipitates at 450-600°C.%-43

Hashempour et al.,* investigated the
reaction between aqueous solutions of Na, WO #2H,0
and Cu(NQ,),*3H,0 precursors under different pH
conditions (3, 4.5 and 13). The change in pH influenced
the size and morphology of the powders. Large
agglomerates with sizes ranging 10-100 pm were
formed rapidly for the dried precipitates obtained
at low pH (3 and 4.5) whereas small agglomerates
below 10 pm were formed gradually at pH of 13.
It was found that the dominant mechanism of the
precipitate formation was ion replacement at low pH
while Cu(NH,) > complex ion formation and ligand
exchange mechanism were disclosed at high pH.
The amount of aqueous NH, added to the aqueous
solution of Cu(NO,), (pH of 3) in a volumetric ratio
of 0.03, respectively 0.25 influenced the obtained
products. For the addition of low amounts of
aqueous NH, it was obtained copper hydroxide,
Cu(H,0),(OH), precipitate (reaction (1)) that is water
insoluble and electrically neutral.** For the addition of
high amounts of aqueous NH,, the copper hydroxide
was solved due to pH change from 3 to 13 (reaction
(2) or (3))*. At pH of 13, NH, molecules replaced
H,O molecules and acted as the ligand of the Cu®*
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ions and Cu(H,0),2* ions changed to tetra ammine
di-aqua copper (Il) ions, Cu(NH,),(H,0),* that are
water soluble.

Cu(H,0)2* + 2NH, — Cu(H,0),(OH), + 2NH,* (1)
Cu?*(aq) +4NH, — Cu(NH,) 2" @
Cu(H,0)2* + 4NH, — Cu(NH,),(H,0).2* + 4H,0 (3)

~

When Na,WO,*2H,O was solved in
distilled water and added to the aqueous solution of
Cu(NQ,),, Na* and WO 2~ ions were introduced into
the solution and CuWO,*2H,0 and Cu,WO,(OH)
were formed at low pH (reactions (4) and (5)):%

2

Cu(H,0).2" + WO,z —> CuWO,+2H,0 (4)
2Cu(H,0),(OH)* + WO,2- — Cu,WO,(OH), + 2H,0
(5)

For the aqueous solution of Cu(NO,), with
high amount of NH, (pH of 13), Cu(NH,),(H,0),*
ions were formed (reaction (3)) without reacting with
WO, ions to precipitate after mixing. Heating the
solution led to the NH, evaporation due to gradually
break of the bonds between Cu and NH, (reaction

(6)):*

Cu(NH,),(H,0),2* +WO,2 — CuWO,*2H,0 + 4NH,T
(6)

The NH, evaporation caused the
concentration decrease of the WO 2 ions and
accordingly Cu(H,0),(OH)- ions were formed and
the reaction (5) occurred besides the reaction (6).
CuWOQ,2H,0 and Cu,WO, (OH), phases were
identified by XRD analysis. After calcination at
450°C for 1 h, Cu,(OH),WO, and CuWO,*2H,0
decomposed into CuWO,_, CuO and WO, that were
further reduced in H, gas at 800°C for 2.5 hours.
TEM micrographs of the H, reduced W-Cu powders
revealed large agglomerates of about 200 nm for the
powders that were previously calcined from the dried
precipitates formed at low pH while unagglomerated
nanoparticles (NPs) with sizes of 5-50 nm were
found for the powders that were previously calcined
from the dried precipitates formed at pH of 13.

Cheng et al.,* employed a homogeneous
chemical co-precipitation method to prepare W-30
wt.% Cu nanocomposite powders with nearly
spherical shape and particle size of 50-100 nm from
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aqueous solutions of Na,WO,,2H,0 and CuCl #2H,0
that were added to aqueous NH, solution (Table 1).
CuWO,+2H,0 and Cu,(OH),WO, precipitates were
obtained after heating the complex solution to about
85°C to remove NH,. Then the precipitates were
washed, dried at 120°C for 2 h, calcined at 750°C
for 1 h, and H, reduced at 900°C for 2 h to achieve
W-Cu nanopowders with finely dispersion of W and
Cu particles (Fig. 2, adapted from Cheng et al., *5).

Wang et al.,*® developed another
homogeneous chemical co-precipitation method to
prepare W-70 wt.% Cu nanocomposite powders using
AMT, Cu(NO,),*3H,0 and oxalic acid (H,C,0,2H,0)
as analytical reagents (Table 1). All the reagents
were dissolved separately in a mixture of 50 vol.%
ethanol p.a. and 50 vol.% deionized water to get a
reagent concentration of 0.8 mol/L. The precursors
containing CuC,0,*xH,0 and WO,*2H,0O were
synthesized at 80°C for 2 h from an aqueous mixture
of AMT and Cu(NO,),*3H,0 in which aqueous
solution of oxalic acid was added as reducing agent.
The obtained precursors were filtered, washed, dried
and calcined at various temperatures (300°C, 400°C,
500°C, 600°C) for 1.5 h and further H, reduced at
750°C and 800°C for 1 h, 1.5 h and 2 hours. It was
found that the calcination temperature produced
different phase components and influenced
the microstructure. At 300°C, CuWO, and CuO
precursors were identified in the XRD patterns
while at 600°C, Cu,WO, and Cu,O were obtained.
The increase of the calcination temperature led to
the powder deagglomeration but the powder grains
growing up. In H, reduction process carried out at
800°C for 1 h, volatile WO,(OH), and chemical vapor
transport (CVT) occurred so that homogeneous
composition consisting of Cu phase coated by W
phase with average particle size of 30-50 nm were
achieved with a semi-coherent interface between W
and Cu phases.*¢

Mechanism of reduction of W-Cu composite
oxides in hydrogen atmosphere

The non-isothermal reduction of CuWO,
ternary oxide in H, atmosphere involves three major
Steps:39,41,42,46

(i) Cuwo,, — Cu + WO, ; (i) WO,  — WO, and
(ili) WO, > W

The H, reduction of W and Cu oxides
implies the following reactions:*2
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CuO +H,=Cu+H,0 (7)
WO, + H,=W + H,0 (8)

The H, reduction of Cu?* ions to Cu particles
(reaction (7)) is a one step reaction occurring at
temperatures up to 280°C.** Contrarily, the H,
reduction of W oxides (reaction (8)) is a multi step
reaction involving the formation of intermediate
phases throughout the reduction process at high
temperatures:#2467°

WO, - WO, - WO, ->W

The H, reduction of W oxides is controlled
by diffusion in the solid state (oxygen transport) or
CVT (tungsten transport). The oxygen transport
mechanism occurs at H, reduction temperatures
below 750°C and is mainly responsible for the
reduction of WO, to WO, (x = 0.1 or 0.28) by the
oxygen removal from the solid oxides.®® The H,
reduction of W oxides at high temperatures involves
the reactions (9) to (13) accompanied by the
CVT phenomenon due to the formation of volatile
tungsten oxide hydrate WO,(OH), in dry H, gas and
H,O vapors:*

WO, + H,0 = WO,(OH), ©
0.5W,,0,, + 11H,0 = 10WO,(OH), + H,
W,,0,, + 23H,0 = 18WO,(OH), + 5H,
WO, + 2H,0 = WO,(OH), + H,

W + 4H,0 = WO,(OH), + 3H,

The volatile WO,(OH), is produced via
surface reaction of W oxides with H,O vapors formed
after the beginning of the H, reduction process
(reaction (12)), followed by the transformation of
WO,(OH), from higher degree W oxides to lower
ones (yellow W oxide (o phase), WO, — blue W
oxide (B phase), WO, , (W,,0,,) — purple W oxide
(Y phase), WO, , (W ,O,) — brown W oxide
(6 phase), WO,) and the reduction of the W content of
the WO,(OH), on the surface of lower degree W oxides
or on the surface of metal W or Cu (reaction (14)).%78
WO, (OH), gas consuming decreases its pressure until
W oxides are reduced (reaction (15)).394246

WO,(OH), + 3H, =W + 4H,0 (14)
WO, + 2H,(g) =W + 2H,0 (15)

The flow chart of H, reduction of W oxides
is depicted in Fig. 3 (adapted from Ahmadi et al.,”),
where the reduction order of W oxides is strongly
influenced by the H, reduction temperature.
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Fig. 3. Schematic flow chart of H, reduction process of W
oxides (adapted from Ahmadi et al.,”).

The optimum H, reduction temperature
depends on the dew point, flowing rate and
pressure of H, gas, powder bed height, grain size
and agglomeration of powder particles.”®® The
characteristics of the H, reduced W-Cu composite
powders are greatly influenced both by the reduction
temperature and dwell time.”

The W-Cu composite powders obtained
by the above mentioned chemical co-precipitation
methods, calcination and H, reduction process
yielded very fine particle size (Table 1) and
homogeneous distribution of W and Cu particles.

In the study performed by Tilliander
etal.,”®similar findings were found on fine W-20 wt.%
Cu nanocomposite powders with average particle
size of around 20 nm starting from milled Cu,O and
WO, powder mixtures that were reduced in H, gas
at about 650°C and 700°C. It was suggested by XRD
analysis of the H, reduced powders at 650°C that a
nanocrystalline and metastable solid solution was
formed since Cu dissolved in W (Fig. 4).7

Fig. 4. SEM micrograph (x10k) of W-20 wt.% Cu powders
obtained by H, reduction process at about 650°C of
milled Cu,0 and WO, powder mixture. Reproduced with
permission from ref. 73, publisher: Cambridge University
Press. Copyright (2006) Materials Research Society
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Polyol method and thermal decomposition

Polyol method combined with thermal
decomposition is one of the efficient and cost effective
chemical methods due to the simplicity of one-step
process with good control over composition, particle
size, shape and distribution tuning and formation.
By using suitable capping agents and stabilizers,
hydrolysis, oxidation and agglomeration of NPs
can be better prevented than in case of aqueous
synthesis.*’

Sahoo et al.,*” used polyol method to
synthesize W-(20-40) wt.% Cu nanopowders with
spherical shape and average particle diameters of
25-30 nm. W(CO), and Cu(acac), were used as W
and Cu metal precursors, diphenyl ether as solvent
and a mixture of polyethyleneglycol200 (PEG-200),
oleic acid and hexadecyl amine as reducing and
stabilizing agents. The simultaneous reduction of
Cu(acac), by PEG200 and the decomposition of
W(CO), in diphenyl ether was carried out under N,
atmosphere. The reaction mixture was heated at
220-250°C and refluxed for 1 hour. The precipitation
of W-Cu nanopowders was performed by adding
ethanol at RT. The obtained powders were centrifuged
at 6000 rpm for 15 min, washed with ethanol, dried
in an inert atmosphere, and calcined at 450°C for
1 h in H, atmosphere to remove possible traces
of organic surfactants. The XRD analysis of the
calcined powders showed a crystallized Cu phase
and an amorphous W phase since the crystallization
temperature of Cu is 200°C and of W is above 600°C.
Crystalline W-Cu powders were obtained when
the calcined powders were annealed at 700°C for
1 h under N, atmosphere. This study revealed that
the chemical composition of the synthesized W-Cu
powders was tuned successfully by adjusting the
ratio of W and Cu metal precursors in the form of
solid powder.

Hydrothermal method and hydrogen reduction
process

Hydrothermal method isanefficient synthesis
method for producing pure nanomaterials with clean
interface and homogeneous components.*4° Ma
et al.,*® synthesized CuWO, precursor powders with
nearly spherical shape particles of 60-90 nm starting
from pure Cu(NQ,),*3H,0 and Na,WO,2H,0 salt
precursors in a molar ratio of Cu®* ions to WO >~ ions
of 1:1 with Cu®* ions excess of 5%. The aqueous NH,
solution was added under stirring into the aqueous
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solution of Cu(NQ,),*3H,0 in a volumetric ratio of
0.06, followed by drop wise adding of Na,WO,2H,0
aqueous solution, pH adjustment of the reaction
solution to 5.2 with concentrated HNO, and stirring
at 25°C for 2 h to yield a homogeneous solution.
A part of the formed solution was transferred to a
stainless steel vessel and heated in an oven at 180°C
for 28 hours. The resultant precipitate (CuWO ,#2H,0)
was separated, washed to remove Na* ions, dried
in a vacuum oven at 80°C for 5 h, calcined in air
for 2 h at various temperatures (400°C, 500°C,
620°C, 650°C and 700°C) and deagglomerated
by milling and sieving on —180 mesh sieve. W-Cu
composite powders were obtained by H, reduction
at 800°C for 1 hour. It was found that the optimum
calcination temperature was 500°C. The dehydration
process (reaction (16)) of the first H,O molecule of
CuWO,+2H,0 occurred in the temperature range of
74-179°C and of the second H,0 molecule between
400°C and 624°C.*®

CuWO,#2H,0 — CuWQO,H,0 + H,0 - CuWO, + H,0
(16)

The study proved that calcination is an
important step in preparing W-Cu powders since the
H, reduction of the uncalcined powder or calcined
at 400°C resulted in obtaining molten products or
partly molten products.*® The H, reduction at 800°C
for 1 h of all the powders calcined at 400-700°C led
to the formation of pure and homogeneous W-Cu
composite powders containing Cu and stable a-W
phases and particle size of 90-150 nm proved by
XRD, SEM and elemental mapping. EDS and TEM
analysis revealed the encapsulation of Cu phase by
W phase and a semi-coherent interface between W
and Cu phases.*®

Mechanism of formation of CuwO,2H,0
precipitate in hydrothermal reaction

In the hydrothermal reaction for the
formation of CuWO,*2H,0 precipitate, the reactions
(17) to (20) took place.* Cu(H,0) ions were
formed into water due to the hydrolysis of Cu?* ions.
By adding NH, to water, NH* and OH-" ions resulted
and Cu? ions reacted with OH- ions (reactions (17)
and (18)):%°

Cu(H,0).2* + OH- - Cu(H,0) (OH)" + 2H,0
Cu(H,0).2" + OH- — Cu(H,0),(OH), + 2H,0

(17)
(18)
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Na*and WO 2~ ions from Na,WO, aqueous
solution were introduced into the solution and
Cu,WOQO,(OH), precursor was formed as in the
reaction (19), and pH of the solution was adjusted
with concentrated HNO, to 5.2 (reaction (20)):*°

2Cu(H,0),(OH)* + WO,2- — Cu,WO,(OH), + 2H,0

(19)
2Cu(H,0),(OH), + WO > + 2H* — Cu,WO,(OH), +
10H,0 (20)

TEM analysis suggested that the
formation of the CuWO,*2H,0 precipitate during
the hydrothermal reaction was conducted by in
situ crystallization mechanism. It was owed to
high pressure and temperature due to the high air
tightness in the stainless steel reactor when the
Cu,WO,(OH), precursor was surrounded by WO 2
ions that were adsorbed and diffused on the surface
of water insoluble Cu,WQO,(OH), precursor. Then
the CuWO,*2H,0 precipitate began to nucleate by
dehydration along with molecular rearrangement.
WO ? ions reacted with Cu,WO,(OH), through the
CuWO,*2H,0 layer and the reaction was ended
when WO 2~ ions were depleted.

Sol-gel method and hydrogen reduction process

Sol-gel method is based on the chemical
transformation of a liquid (the sol) into a gel state,
followed by thermal dehydration treatment, removal
of organic components and conversion into solid
oxide powder. Sol-gel method is a common and
facile method for preparing a wide range of W-Cu
composite oxide powders with controlled shape, size
and particle size distribution at relatively low costs.
The other advantages consist of approximately low
reaction temperature, high purity and even phase
dispersion of the resulted products.®05!

Guo et al.,’° synthesized pure W-30
wt.% Cu composite nanopowders using AMT and
Cu(NO,),*3H,0 as W and Cu metal salt precursors,
and ethylene glycol (C,H,0,) and citric acid (C;H,O.)
as chelating agents. The sol was achieved by adding
ethylene glycol into the reaction mixture of aqueous
solutions of AMT, Cu(NO,),*3H,0 and citric acid. The
wet gel was obtained by heating the sol at 130°C
in a hot container with methyl silicone oil then was
dried in an oven at 150°C for 24 h and calcined at
450°C for 2 h in air. The calcined W-Cu composite
oxide powders were further processed by LEBM in
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distilled water for 1 h at 250 rpm and a stainless
steel balls to powder mass ratio of 10:1 to break
up larger agglomerates. Pure W-Cu nanopowders
with homogenous distribution of W and Cu NPs with
size below 150 nm and irregular morphology were
obtained from the milled composite oxide powders
that were dried at 100°C for 24 h and H, reduced at
750°C for 2.5 hours.

In another study, Zhou et al.,5' synthesized
pure W-15 wt.% Cu composite nanopowders using
APT and Cu(NO,),*3H,0 as W and Cu metal salt
precursors, and tartaric acid (C,H,O,) and citric acid
(C.H,O.) as chelating agents. The mixed aqueous
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solution of precursors and chelating agents was
stirred at 60°C to obtain a transparent gel that was
subsequently heated at 120°C for 12 h and calcined
at 550°C for 5 h to attain W-Cu composite oxide
powders that were further reduced at 750°C for 2 h
in a gas mixture of 50% H, and 50% Ar with a flowing
rate of 0.3 L/min. W-15 wt.% Cu composite powders
with particle size ranging 100-400 nm and spherical
or ellipsoid shape were confirmed by SEM analysis.
The optimum reduction temperature of 750°C was
selected from various reduction temperatures
(650°C, 700°C, 750°C and 800°C). It was found
that the powders reduced at 650°C and 700°C still
contained oxide phases while after H, reduction
at 750°C and 800°C only pure W and Cu phases
were detected in XRD patterns. TEM analysis of the
resulted W-Cu nanopowders proved the composition
homogeneity of W and Cu mixed phases.®'

Sol-spray drying method and hydrogen reduction
process

Hong et al.,%? synthesized W-(10-40) wt.%
Cu composite nanopowders by sol-spray drying
method and H, reduction process. The mixed
aqueous solution of AMT and Cu(NO,),*3H,0 was
fed into the spray nozzle rotating at 11,000 rpm at a
rate of 20 cm®¥min and spray-dried in an air stream
heated at 250°C. The spray-dried powders were
calcined in air at 750°C for 1 hour. The formed W-Cu
composite oxide powders revealed spherical shell
structure that was fragmented by a LEBM process
in hexane for 6 h under 120 rpm using cemented
carbide balls with balls to powder mass ratio of 10:1.
The milled composite oxide powders were subjected
to H, reduction at 200°C for 1 h and then at 700°C
for 8 hin H, gas (flowing rate of 600 cm3min). W-10
wt.% Cu powder yielded the average particle size of
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264 nm and crystallite size of 27 nm. It was studied
the influence of WO, added to the calcined composite
oxide powders. It was found that W particles resulted
from the H, reduction of WO, contributed to the
rigidity decrease of the agglomerates of W-Cu
powders produced from the salt precursors leading
to the sinterability improvement.®2

Using similar W and Cu metal salt
precursors, Fan, et al.,®® reported the synthesis
of W-(30-50) wt.% Cu composite powders by sol-
spray drying method and H, reduction process. The
mixed aqueous solution of AMT and Cu(NQO,),*3H,0
was spray dried and calcined at 400°C, 600°C and
800°C for 1.5 h to obtain the composite oxides.
It was found that the increase of the calcination
temperature influenced phases, morphology and
particle size of the powders. The sol-spray dried
precursor powders contained hollow spherical shells
or fragments with the average particle size of about
20-30 pym. The calcined powders exhibited angular,
dendritic and spheroidal morphology for all the
synthesized W-Cu powders. The H, reduced powders
had homogeneous composition that contained
ultrafine NPs with primary particle size below
100 nm. It was revealed that the grain size of the
W-Cu composite powders decreased with the Cu
content increase.*®

Shi et al.,>** prepared W-(15-20) wt.% Cu
ultrafine composite powders by sol-spray drying
method and H, reduction process. The mixed
aqueous solution of AMT and Cu(NO,),*3H,0 was
spray dried at 250°C and calcined in air at 750°C
for 1 h to obtain the composite oxides, which were
subsequently reduced in H, gas at 700-900°C at
50°C intervals for 2 h to obtain W-20 wt.% Cu powder,
respectively at 800°C for 2 h to obtain W-15 wt.%
Cu powder and cooled in H,/N, atmosphere. The H,
reduced powders were then deagglomerated and
particle size reduced by ball-milling in acetone for
10 h in case of W-20 wt.% Cu powder, respectively
at 48 h in case of W-15 wt.% Cu powder and dried
in vacuum at 90°C. It was found that the spray dried
precursor powders and the calcined oxide powders
contained spherical agglomerates with size ranging
3-15 pm. The powders reduced in H, gas at 800°C
for 2 h contained ultrafine agglomerates with size
below 1 pm. In the XRD patterns of the calcined
W-Cu oxide powder were identified WO, and CuWO,
phases. The H, reduced powders at 700°C contained
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W,0,,, WO, and cubic Cu phases. When the H,
reduction temperature was 750°C, WO, and cubic
Cu phases were formed. After H, reduction at 800°C
only W and cubic Cu phases were identified but in
the H, reduced powders at 90°C, monoclinic CuO
phase was identified besides W and Cu phases.
CuO was formed during cooling due to a low oxygen
content from the N, protective gas. In the latest
case, an interface structure of W-CuO-Cu type was
proposed.

Nitridation-denitridation process

Wei et al.,’” prepared W-Cu composite
powders with spherical shape using a mixed salt
aqueous solution of AMT and Cu(NO,),*3H,0 that
was heated at 80°C, dried at 120°C for 8 h and
then calcined at 650°C in air. The calcined powders
containing CuWO, , WO, and CuO phases of irregular
polyhedron shape were nitrified in NH, atmosphere
with flowing rate of 600 mL/min, at temperatures
ranging 450-750°C for 3 hours. Denitridation was
performed in H, atmosphere with flowing rate
of 100 mL/min, at 825-900°C for 2 hours. After
that the obtained powders were passivated in N,
atmosphere at RT for 10 minutes. It was revealed
that the properties of W-Cu composite powders
were influenced by the temperature of nitridation-
denitridation process. WO, and Cu phases were
found in the XRD patterns when the composite oxide
powders were nitrified in NH, at 450°C. W,N phase
was formed along with Cu phase at the nitridation
temperature of 550°C. An increase in W,N phase and
Cu phase were also observed when the nitridation
was carried out from 550°C to 750°C. A small amount
of W,N phase was identified in the XRD patterns
when the denitridation temperature was 825°C
while over 850°C only pure W and Cu phases were
identified. The nitridation reaction between WO, and
NH, is shown in the reaction equation (21):%

4WO, + 8NH, = 2W,N + 12H,0 + 3N, (21)
The W powders were formed by the
decomposition of W,N powders at high temperatures
due to low thermal instability of W,N (reaction
equation (22))%
2W,N = 4W + N, (22)
The optimum nitridation-denitridation
temperature was established to be 650°C and 875°C,

respectively, when W-Cu composite powders were
achieved with spherical shape and mean particle size
of about 90 nm. Conversely, W-Cu powders prepared
by H, reduction process were agglomerated and had a
polygonal shape with mean particle size of 150 nm.%"

Low temperature combustion synthesis and
nitridation-denitridation process

Chu et al.,%® developed a combined method
based on citric acid-assisted low temperature
combustion synthesis (LCS), calcination, nitridation
and denitridation reactions for synthesizing W-50
wt.% Cu nanocomposite powders. Cu(NO,), was
used as oxidizer and Cu source, AMT as W source,
urea (CO(NH,),) as reducing agent, ammonium
nitrate (NH,NO,) as combustion adjuvant, glucose
(C,H,,0.,°H,0) as dispersant and citric acid
(C,H;0,°H,0) as chelating agent. It was studied
also the effects of lack of citric acid. The combustion
products were achieved after heating the mixed
solution in air at 350°C with a heating rate of
20 K/min. Further heating resulted in sudden
swelling of solution with gases release since the LCS
process took place rapidly in few minutes with the
combustion temperature of 536°C for the solution
without citric acid, respectively of 692°C for the
solution with 0.02 mol citric acid. The combustion
products were calcined in air at 650°C for 2 h to
remove the residual carbon. The nitridation reaction
of the calcined products was carried out in NH,
with flowing rate of 0.5 L/min, at 700°C for 1 h,
while the denitridation was carried out in H, gas
(flowing rate of 0.5 L/min) at 800°C for 1 h and a
heating rate of 10 K/min. It was noticed that the
citric acid influenced the size and morphology of the
intermediate and final powders since the reactivity
of the calcined products was higher when 0.02 mol
citric acid was used. W-Cu composite powders
synthesized with citric acid exhibited homogeneous
and well-distributed spherical NPs having size of
30-50 nm. It was found that nitridation and denitridation
reactions of the combustion products synthesized
without citric acid were incomplete under the same
process conditions.

Glycine-nitrate combustion synthesis and
hydrogen reduction process

Glycine-nitrate process (GNP) is an
efficient chemical process to prepare especially
ultrafine and nano scale ceramic powders. The
main advantages of the GNP process consist in
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approximately low-cost, fast heating rate, short
reaction duration, low combustion temperature and
improved compositional homogeneity.*®

Wan et al.,* prepared by GNP precursor
powders that were H, reduced to synthesize W-20
wt.% Cu ultrafine composite powders. In GNP,
the complexant and incendiary agent (glycine
(C,H,NO,)) was added into a mixed aqueous solution
of AMT and Cu(NO,),*3H,0 salt precursors to
get a transparent and homogeneous solution that
was heated to increase slowly the viscosity of the
solution. As temperature increased, a self-sustained
combustion occurred rapidly in the viscous gel and
the precursor powders were obtained. In the XRD
patterns of the precursor powders calcined at 400°C
for 2 h were identified crystalline CuWO, and WO,
oxide phases. The calcined precursor powders were
reduced in H, gas at various temperatures (650°C,
700°C and 750°C) for 1.5 h to attain W-20 wt.% Cu
powders. It was found that the powders reduced at
650°C contained W, Cu and WO, phases while the
ones reduced at 700°C and 750°C contained pure
W and Cu phases. The morphology of W-20 wt.%
Cu powder was nearly spherical with particle size
measured in TEM micrographs of about 140 nm
and 200 nm, respectively, which increased with the
increase of H, reduction temperature.*

Freeze-drying method and hydrogen reduction
process

Freeze-drying is an efficient and
environment-friendly method to prepare high purity,
ultrafine and homogeneous W-Cu oxide precursor
powders starting from a mixed aqueous solution of
W and Cu metal salt precursors that is spray-frozen,
dried in vacuum, calcined and H, reduced to obtain
W-Cu composite powders.%°

Xi et al.,*® employed a freeze-drying
technique to manufacture pure W-(5-20) wt.% Cu
composite nanopowders with spherical shape
and particle size of about 10-20 nm starting
from a mixture of aqueous solutions of AMT and
CuS0,*5H,0 precursors and liquid nitrogen as a
cryogenic media. During spray freezing process, the
droplets of the mixed precursor solution were sprayed
into liquid nitrogen (-196°C) and turned rapidly into
frozen droplets due to high cooling rate. The resulted
powders were dried in vacuum by sublimation of
water (solvent) in the frozen solution and H, reduced
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at various temperatures ranging 200-750°C. In the
XRD patterns of the freeze-dried precursor powders,
tungstate, CuSO,, crystal H,0 and NH, phases were
identified in an amorphous structure. It was found
that a H, reduction temperature of 200°C led to the
formation of H,W,,O, and Cu phases while after
H, reduction at 500°C and 600°C, WO,/3-W and
Cu phases were identified in the XRD patterns of
the composite powder. The H, reduction of unstable
B-W phase to stable a-W phase in the presence of
Cu phase occurred at 700°C. The study proposed a
two step H, reduction process, at 400°C for 2 h and
then at 700°C for 2 h to obtain homogeneous W-Cu
nanopowders.5°

Electroless copper plating of tungsten powders

Electroless Cu plating of W powders is
an efficient chemical method relied on feasible
autocatalytic redox reaction in aqueous solution to
achieve high purity W-Cu composite powders with
improved wettability between W and Cu powder
particles and composition homogeneity.'®¢” In the
electroless deposition of Cu on W powders should
be considered the preparation approach of the
surface of W particles, choice and amount of main
salts, reducing and stabilization agents of the plating
solution. Electrical and thermal conductivities of
W-Cu composite powders are not decreased as
in case of W-Cu composites containing sintering
aids such as Ni, Fe, Co or other transition element.
A drawback is related to the carcinogenic nature
of some reactants (i.e. formaldehyde) involved in
synthesis.®?

Ibrahim et al.," reported an electroless
plating method for obtaining pure W-(20-30) wt.%
Cu composite powders using a plating solution of
CuSO,*5H,0 as main salt, potassium sodium tartrate
tetrahydrate (KNaC,H,O4H,0) as complexing
agent and formaldehyde (HCHO) as reducing agent.
The Cu-coating precipitated on the surface of W
powders (0.5-2 um) at a pH of the solution of 12.5
(adjusted with NaOH), according to the catalytic
reaction (23).3

Cw?* + 2HCHO +40H- — Cu® + 2HCO,  + 2H,0 + H,T
(23)

The obtained W-Cu powders were washed
with distilled water and then dried. SEM analysis
revealed that the deposited Cu-coating layers
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contained very fine particles below 1 ym and
morphology with dome clusters or ovoid tops.

Chen et al.,?* used similar reactants in their
study as in the study performed by Ibrahim et al.,” but
added various amounts of 2,2’-dipyridine (C, H.N,)
as stabilizing agent to prepare electroless Cu plating
of W powders with particle size of 10 pm. Prior to Cu
plating, the surface of W powder was cleaned with
NaOH and HCI solutions for 20 min then washed
several times with deionized water. The obtained
W-15 wt.% Cu composite powders were freeze-dried
at —90°C in a vacuum lower than 10 Pa for over
24 hours. The electroless Cu deposition in a
formaldehyde-based plating solution occurred as
in the catalytic reaction (23). It was suggested
that the surface of W powders was catalytic
because Cu plating on W powders was performed
without sensitization or activation of the surface
of W powders. Two side reactions ((24) and (25))
took place throughout the complete reaction shown
in the reaction (23).54

2Cu?* + HCHO + 50H- — Cu,0{ + HCOO™ + 3H,0

(24)

Cu,0 + H,0 — Cu® + 20H- (25)

It was found that the using of the stabilizing

agent (2,2’-dipyridyl) in the plating bath had a major

role to control the rate of Cu plating, microstructure
and the performance of the formed Cu layer.

In another study, Chen et al.,%
developed a modified Cu plating method using
ethylenediaminetetraacetic acid disodium salt
dihydrate (C,H,,N,Na,O.,2H,0 or EDTA-2Na
instead of 2,2'-bipyridine as stabilizing agent to
synthesize W-30 wt.% Cu composite powders with
nearly spherical shape of W particles with size of
8-12 pm coated with uniform Cu layer with thickness
of 4-8 ym. It was found that the thickness of Cu layer
increased with the reaction time increase.

Luo etal.,*® employed an electroless plating
method to prepare pure W-30 wt.% Cu composite
powders. The deposition of electroless Cu plating
was performed on the surface of the pre-treated
W powder with average particle size of 3 pm. The
surface of the chemical activated W powder exhibited
catalytic activity. The plating solution contained
CuS0,*5H,0, EDTA-2Na and 2,2'-bipyridine. The
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Cu plating of W powders was performed under
continuous stirring, at 60°C and a pH of the plating
solution of 13. The obtained W-Cu composite
powders were washed several times with de-ionized
water and dried at 50°C. The XRD pattern confirmed
the presence of W and Cu phases and the absence
of other elements since electroless plating did not
introduce any impurities into the W-Cu powders.
FESEM micrographs revealed a cell dense structure
and uniform distribution of Cu coatings on the surface
of W particles.

Huang et al.,*" investigated the effects
of a pretreatment process on the morphology
of W-(32.8-86.6 wt.%) Cu composite powder
prepared by electroless Cu plating of W powders.
The solution for the pretreatment contained various
amounts of HNO,, NH,F and HF. The pretreatment
process of W powders with grain diameter of up to
2.3 pm was carried out under continuous stirring in
an ultrasound bath for about 30 minutes. After that
W powders were cleaned with deionized water and
dried in vacuum at 50°C. The plating solution was
formed by CuSQO,*5H,0 as main salt, formaldehyde
as reducing agent, EDTA-2Na as complexing agent,
and 2,2'-bipyridyne as stabilizing agent. NaOH was
used to adjust pH of the plating solution to 11-13.
Electroless plating was performed in a thermostatic
water bath, at 60°C for 50 min under stirring and
ultrasonic wave. The obtained W-Cu composite
powders were cleaned with deionized water and
dried in vacuum at 80°C for 2 hours. This study
proved that the pretreatment of W powders before
electroless Cu plating provided catalytic activity on
the surface of the W powders. HF content increase
led to the increase of the defects formed on the
surface of W powders. The formed Cu layer was
uniform because more Cu grains for nucleation and
growth were adsorbed for the surface defects like
projections of W powders during the electroless
plating process. It was found that lack of pretreatment
can lead to non-uniform and rough coating layer with
poor adherence due to weak interaction between
W and Cu. The surface morphology of the obtained
W-Cu composite powders was alike with the one
depicted in other studies'?9646667 ((Fig. 5)2°). EDS
analysis revealed the presence of W and Cu as
majoritary phases and small amounts of O and C
elements due to electroless plating process and
partially oxidation of Cu layer during drying of the
W-Cu composite powder.
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Fig. 5. SEM micrographs of Cu plated W powders with (a)
irregular and (b) spherical shape before plating (Lin et al. %).

Wang et al.,*” prepared W-20 wt.% Cu
composite powders by electroless Cu plating of
pure W powders (particle size of 15-25 ym). Prior Cu
plating, the surface of W powder was pretreated by
boiling for 10 min in a concentrated NaOH solution
to remove the oil from the particle surface, then
washed with distilled water, coarsened by boiling for
20 min in HNO, solution, sensitized by stirring in a
mixture solution of HCI and SnCl, for 8 min, washed
with distilled water and further activated with silver
ammonia (H,AgN) solution at 40°C under stirring for
10 minutes. In this study, the effect of reducing agent
(solution of formaldehyde), potassium borohydride
(KBH,) or sodium hypophosphite monohydrate
(NaH,PO,*H,0)), complexing agent (tartaric acid
potassium sodium C4(C,0O,H,KNa), EDTA-2Na
and their mixture solution) and stabilizing agent
(iron potassium cyanide, K [Fe(CN),] or sodium
thiosulfate (Na,S,0,)) for electroless Cu plating at
60°C for 110 min was investigated using CuSO,*5H,0
as main salt. The pH value of the plating solution was
adjusted with NaOH solution to 12-13.The synthesized
powders were centrifuged, washed with distilled water
and dried in vacuum at 40°C for 40 hours. Uniform Cu
layer of about 0.6-1.1 pm thick on W powder particles
was obtained in certain conditions.
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Mechano-chemical method and hydrogen
reduction process

Cheng et al.,*® employed a mechano-
chemical method using pure WO, and CuO powders
that were first jet-milled in a high-pressure airflow,
then H, reduced to attain W-15 wt.% Cu composite
powders. The oxide powder mixtures were milled
in a pulverizer with a jet pressure of 0.6-0.8 MPa
and a feeding pressure of 0.6 MPa using airflow as
milling medium. The reducing of the milled oxide
powders with the bed height of the powder of about
10 mm was carried out in dry H, gas (dew point of
-50°C and flowing rate of 45 cm?s), at 800-1000°C
for 1.5 h, using a heating rate of 5°C/minute. The
mean particle size of the starting powders was
about 3 pym for WO, and 12.8 pm for CuO that
was significantly reduced after jet milling process to
0.17um for WO, and2.29 umfor CuO.TEMimages ofthe
jet-milled WO,-CuO powder mixtures revealed
smooth surface and nearly spherical shape with
predominant particle size lower than 500 nm. W-Cu
composite powder reduced in H, gas at 800°C had
particle size measured by TEM of about 60 nm
whereas the one reduced at 1000°C had larger
particle size of about 90 nm even both of them showed
high-dispersed and homogeneous distribution of W
and Cu components. It was also found that the
degree of aggregation and inhomogeneity of the
W-Cu composite powders increased as the reduction
temperature increased.®

Mechano-chemical method via in-situ co-reduction
of the oxides

Dolatmoradi et al.,*®® prepared W-20 wt.%
Cu nanopowders by co-reduction of pure WO, (mean
particle size of 100 ym) and CuO (mean particle size
of 1 ym) powders using pure metallic magnesium
(Mg) powder of 200 nm in diameter as the reducing
agent. The LEBM process was performed in a
conventional planetary mill at RT, under inert
atmosphere and 250 rpm, from 5 min to 100 h
using steel balls as milling bodies in a ball to powder
mixture mass ratio of 15:1 and various contents of
Mg. In-situ reduction of WO, and CuO with 10 % and
20 % over-stoichiometric Mg caused the formation
of W-Cu-MgO composite after 17 min of milling due
to mechanically induced self-propagating reactions
(MSR) (reactions (26) and (27)).%® The chemical
elimination of the undesired byproduct was carried
out with HCI leaching at 90°C for 1 hour.



LUNGU., Orient. J. Chem., Vol. 35(2), 491-515 (2019)

CuO + Mg — Cu + MgO
WO, + 3Mg —» W + 3MgO

(26)
(27)

It was found by XRD analysis that the
crystallite size of the powders decreased from about
85 nm to 45 nm with milling time increase until 20 h
of milling and then was almost steady until 100 h of
milling. The particle size determined by SEM analysis
was ranging 40-500 nm after 2 h of milling. The study
proposed the reaction mechanism by considering
Cu as the alloying partner having high adiabatic
temperature and the content of Mg as the reducing
agent during reactive milling. The advantage of
the developed method consists in low cost due to
using of accessible starting materials. Also it is an
environmentally friendly process. Among possible
drawbacks can be mentioned the occurrence of
incomplete reactions, impurification with undesired
byproduct like a metal-metal oxide composite within
the reductions that is difficult to be totally purified,
and inhomogeneous chemical composition.®®

Powder metallurgy techniques to consolidate
W-Cu composite powders

The common PM techniques used to
consolidate ultrafine W-Cu composite powders
obtained by the above mentioned chemical and
mechano-chemical methods and H, reduction or
nitridation-denitridation processes are based on:

- conventional PM techniques (pressing
and sintering (P-S)1:89:41-43,45,47,54.55,68,59,61,66.68,04)

- unconventional PM techniques (spark
plasma sintering (SPS) or field assisted sintering
technology (FAST),258505588%0 mjcrowave sintering
(MWS),246:51.91-94 cold isostatic pressing (CIP)®2 or hot
isostatic pressing (HIP)®).

Sintering can be performed at temperatures
below the melting point of pure Cu (1083°C), being
defined as solid phase sintering. For sintering
temperatures over 1083°C the process is called
liquid phase sintering.®!

Conventional PM techniques include a
process of uniaxial or bidirectional pressing of
W-Cu composite powders using in general steel
dies and automatic hydraulic presses, at pressing
pressures of 30-900 MPa, followed by solid or liquid
phase sintering in radiatively heated (conventional)
furnaces of the pressed compacts in H, gas or H,
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and N, gas mixture atmosphere or in vacuum, at
sintering temperatures included in the range of
800-1600°C with slow heating and cooling rates
of 3-10°C/min and long sintering times of up to
10 hours.% In the case of liquid phase sintering
should be considered the fact that high amount of
liquid Cu can deform the sintered parts and thus the
densification of the sintered materials is negatively
affected.®® Other drawbacks in liquid phase
sintering at high temperatures for long sintering
times consist in W grain growth through diffusion
controlled Oswald ripening (DOR) since W atoms
can be dissolved into liquid Cu, high shrinkage of the
sintered parts and cracks formation.®® W grain growth
is accelerated for W-Cu composites with ultrafine W
grains synthesized by chemical, mechano-chemical
methods or mechanical alloying methods. When the
density of the sintered parts is lower than 90-95 % of
the theoretical density of W-Cu composites, further
processing by repressing,? hot pressing®# or
hot-hydrostatic extrusion® are performed to enhance
the densification of the W-Cu composite materials
((Fig. 6)% and (Figure 7)%).

Fig. 6. Optical microscopy image showing microstructure
of W-20 vol.% Cu material obtained by hot pressing under
30 MPa and 1450°C (Roosta et aF®).

The combination of liquid phase sintering
and liquid infiltration methods using low sintering
temperature (1150°C) was proved to be benefic in
acquiring fully dense W-(13-27 wt.%) Cu composite
materials.®”

SPS/FAST and MWS processes are
advanced PM techniques that produce highly
dense W-Cu composite materials with fine and
homogeneous microstructure ((Fig. 8)* and Fig. 9)8)
since grain growth and microstructure coarsening is
much reduced than in conventional PM techniques.



LUNGU., Orient. J. Chem., Vol. 35(2), 491-515 (2019) 505

Fig. 7. SEM images showing microstructures of (a) W-10 wt.%
Cu and (b) W-20 wt.% Cu materials obtained by conventional
sintering at 1200°C in H, atmosphere (Mondal et.aF*).

Fig. 8. SEM images showing microstructures of (a) W-10 wt.%
Cu and (b) W-20 wt.% Cu materials obtained by microwave
sintering at 1200°C in H, atmosphere (Mondal et.aF*).

Fig. 9. Optical microscopy images (x 150, un-etched state)
showing microstructures of W-40 wt.% Cu materials obtained
by SPS process in vacuum at (a) 950°C for 5 min, (b) 1000°C
for 5 min, and (c) 1050°C for 5 min under pressure of 50 MPa.
Reproduced with permission from ref. 8, publisher: IEEE.
Copyright (2015) IEEE

The advantages of SPS and MWS processes
include high heating and cooling rates, decrease in
sintering temperature with 100-200°C (related to the
properties of W-Cu composite powders) and dwell
time of few minutes to 1 h, facile operation in safety
conditions, low energy consumption and reliable
production costs.?57846.5051,5588-90.81,83 Gtandard
heating rates of 50-150°C/min or until 1000°C/min
depending on the capabilities of the SPS installations
and cooling rates up to 150°C/min or as high as
400°C/min can be achieved in SPS process while
heating rates of 30-90°C/min determined by the
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capabilities of MW furnaces can be used in MW
process. Moreover, W-Cu composite powders can
be consolidated without the addition of any binders
but the cost of equipment and consumables can
be expensive. Additional operations (mechanical
polishing to remove the graphite foils from the SPSed
specimens and to achieve clean and fine surface
finishing) lead to material losses and to an increase
of the production costs.

The powders consolidation by SPS process
is a low voltage (typically < 10V), direct current (DC),
pulsed high current (commonly < 10 kA) activated
and pressure-assisted sintering carried out generally
in high density graphite dies when efficient Joule
heating throughout the volume of specimens is
achieved.® The tool geometry and the material from
which the tool is made can affect the properties
of the SPSed parts.*® The parameters used in the
SPS process such as pressing pressure, sintering
temperature, dwell time, sintering atmosphere, DC
pulse current, heating and cooling rates can influence
the performance of the SPSed parts.2585055:85-%0

MWS process can be performed also with
low energy consumption, at fast heating rates and
short sintering duration in graphite dies or silicon
carbide crucibles, when uniform internal heating
all over the volume of specimens is achieved due
to energy transfer occurring through molecular
interaction with the electromagnetic field.246:51.89.91-94
The heating rate of MW pressureless sintering is
faster than the one used in MW hot pressed sintering
due to the low MW absorption of the graphite die
comparatively with the silicon carbide crucible.®'-*3

Fast heating rate and sintering mechanisms
encountered in SPS and MWS processes lead
to significant decrease of temperature gradients
between the surface and the interior of the sintered
specimens that are commonly experienced during
conventional sintering at high heating rates.>%*

Despite the above mentioned advantages,
W-Cu composites produced by SPS and MWS
processes were researched until now mostly on
laboratory stage.

The literature reports!89.41-43.45-47.50-
52,54,85,50.66.68,89.94 nvestigated the influence of
processing parameters (pressing pressure, sintering
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temperature and dwell time) on densification,
mechanical properties (hardness, strength) and
electrical and thermal conductivity of W-(10-40 wt.%
Cu) composite materials. Powder pressing was
performed at pressures of 30-900 MPa and sintering
of powder compacts was carried out in H, gas at
800-1400°C for a dwell time of up to 3 h (Table
2 and Table 3). It was found that the relative
density and thermal conductivity increased with
the increase of pressing pressure, sintering
temperature and Cu content. The hardness and
thermal conductivity increased with the increase of
the sintered density.!:39.46.47.52.54.94

Ibrahim et al.,' showed that 600 MPa was
the optimum pressing pressure of the electroless
Cu coated microcrystalline W powders since after
sintering of the green compacts in vacuum for 1 h
at 1250°C and 1400°C the highest densification and
homogeneous microstructure were achieved. This
study also revealed that the W-Cu sintered materials
made of Cu coated W powders yielded enhanced
properties comparatively with the ones obtained
from mechanically homogenized by ball milling of
uncoated W-Cu powder mixture.

When the sintering temperature was
800-1050°C, a Cu network was formed throughout
the structure of the composites due to the solid
state diffusion of Cu from the bulk to the surface
of W-Cu composite particles and their joining to
the other diffused Cu elements*'*3. However, the
sintered specimens were partially densified at these
temperatures. That is why, repressing at higher
pressing pressures than the ones used for pressing
of green compacts or hot extrusion can be further
performed to enhance the density of the specimens
obtained by conventional PM techniques.

When the sintering temperature was over
1100°C, Cu was melted and liquid phase sintering
contributed to the densification of the compacted
W-Cu nanocomposite powders. The main sintering
mechanism is the rearrangement of W solid particles
due to capillary forces and W sintering by solid state
diffusion.*'3 Better results were obtained with finer
W particles, Cu content higher than 20 wt.%, and fine
and even dispersion of W and Cu phases into W-Cu
composites.® In addition, the formation of a liquid
network of Cu all over the structure enhanced the
sinterability. By increasing the sintering temperature
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over 1150°C, the capillary forces increased and
the viscosity of the Cu melt decreased enhancing the
densification. Therefore high relative density (98-99%)
close to the theoretical density was achieved.
The hardness of the sintered W-Cu specimens
increased with sintering temperature increase but
was influenced by the Cu content. W-20 wt.% Cu
sintered specimens had the maximum hardness
after sintering at 1200°C while W-(30-40) wt.% Cu
sintered specimens had the maximum hardness after
sintering at 1150°C probably due to micro regions
of Cu depleted from W particles caused by the
hydrostatic forces resulted from the heterogeneities
into the thermal flow of Cu melt.*' The hydrostatic
forces were lower during liquid phase sintering of
W-20 wt.% Cu powder compacts and did not change
significantly the structure of W-Cu compacts.

Several literature studies*'#4® revealed
that the sintering temperature of 1150°C of W-Cu
nanocomposite compacts was the optimum one
in conventional PM techniques since the highest
values of density, Vickers hardness, bending
strength, and electrical and thermal conductivity
were obtained. Higher sintering temperature of W-Cu
nanocomposites (i.e. 1260°C for W-(30-40) wt.% Cu
and 1260°C for W-50 wt.% Cu) led to Cu leaking out
from the W skeleton and also to Cu evaporation,
and accordingly to the decrease of the sintered
density®*.

Cheng et al.,% investigated the sinterability
of mechano-chemically synthesized W-15 wt.% Cu
nanopowders pressed at 200 MPa and sintered
at 1050-1200°C. The radial and axis shrinkages
were found to be 18.9-23.9 %, and 18.5-19.6 %,
respectively, proving a high sinterability of the
developed materials. In fact, all the properties
(Table 2) increased with the increase of sintering
temperature due to ultrafine particle size and
homogeneous dispersion of W and Cu particles into
the W-15 wt.% Cu composite.

Luo et al.,*® reported maximum values for
relative density (95.04 %), Vickers hardness (181.5
HV), compressive strength (747.2 MPa) and electrical
conductivity (53.24 % IACS) for W-30 wt.% Cu specimens
obtained by electroless Cu coating of W powder that
were pressed at 400 MPa and two step sintered in H,
gas at 800°C for 0.5 h and 1200°C for 1.5 hours.
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Shi et al.,’® used SPS process to consolidate
W-15 wt.% Cu nanopowders under 30 MPa,
sintering temperature of 1100-1250°C, dwell time of
10 min and heating rate of 200°C/min. The relative
density and thermal conductivity of the SPSed
specimens increased with the increase of sintering
temperature due to the rearrangement of W grains
and the enhancement of microstructure by porosity
decrease. The optimum sintering temperature
was found 1200°C when the highest values for
relative density (98%), Vickers hardness (379
HV), transverse rupture strength (1259 MPa) and
thermal conductivity (189 W/(m K)) were achieved.
Comparatively with the conventional sintering in H,
gas of the green compacts at 1350°C for 1 h, the
SPS process had lower sintering temperature and
much shorter processing duration with improved
properties of the SPSed specimens.

In unconventional PM techniques such as
MWS it was found 1100°C as the optimum sintering
temperature of W-20 wt.% Cu nanocomposite
powders compacted at a pressing pressure of
40 MPa when the highest relative density was
obtained along with a uniform distribution of W
particles into the W-Cu composite.*® Cu coated W
powders used as starting materials contributed to
the avoiding of the aggregation of W particles during
sintering of W-Cu green compacts.*

By considering the above mentioned
studies it can be concluded that there are numerous
synthesis methods for obtaining ultrafine W-Cu
composite powders that are further processed
by different PM techniques. The synthesis and
processing techniques of W-Cu composite powders
and the obtained results vary significantly among
the researchers and producers of W-Cu composite
powders and sintered materials. These findings
are in agreement with the stipulations of the ASTM
B702-93(2015), Standard Specification for Copper-
Tungsten Electrical Contact Material.®®

CONCLUSION

This review presented the advances in the
last years in the field of W-Cu materials in terms
of the development of W-Cu composite powders
by chemical and mechano-chemical approaches
from various W and Cu metal salt precursors
combined with hydrogen reduction or nitridation-
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denitridation processes. Conventional and advanced
powder metallurgy techniques and processing
parameters employed in the manufacturing of W-Cu
electrical contact materials were reported, too. The
interdependencies among the properties of the
starting materials and the sintered specimens in
relation with synthesis and processing parameters
were summarized. Although the developed W-Cu
composite materials were analyzed from the point of
view of physical, chemical, mechanical, thermal and
electrical properties exhibiting high performance,
more studies on functional properties and scalability
are necessary to be conducted in order to implement
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the developed materials in practical applications from
industry.
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