High-energy ball milling
(HEBM) was used. to
prepare composite W-30
w/o Cu powder consisting
of well-dispersed
nanometer-sized tungsten
particles in a copper matrix.
Densification of compacts

D E N s I F I CA I I o N O F sintered at two heating
rates (7.6°C and 10°C/min),
below and above the
melting point of copper, was
monitored. Optical and
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copper grain sizes, and to
identify constituents in the
sintered samples. A density
of about 72% at the pore-
Jree level was obtained by
solid-state sintering.
Tungsten and copper
nanocrystals were observed
to grow as temperature and
time increased. The growth
of nanometer-sized particles

INTRODUCTION
Pseudo-alloys based on the tungsten-copper system are widely used

in the electromechanical industry, primarily as electrical contacts and
welding electrodes. Important properties are a high electrical and ther-
mal conductivity, a high resistance to arc-discharge erosion, and a low
thermal-expansion coefficient.12 Attendant attractive thermal proper-
ties and a high microwave-absorption capability enhance the potential
use of tungsten-copper alloys for heat spreaders and semiconductor
devices.3.4

Infiltration of liquid copper into the pores of a pre-sintered porous
tungsten substrate, or the liquid-phase sintering of mixed tungsten
and copper powders are techniques commonly employed to produce
thermal-management materials. However, these processes exhibit
intrinsic limitations. Tungsten skeletons with complex geometries are
difficult to fill with liquid copper, and attempting to do so often results
in heterogeneous infiltration and distribution of the copper. Post-pro-
cessing treatments are necessary to eliminate, or to largely suppress,
porosity and internal heterogeneity. Liquid-phase sintering of tungsten
and copper compacts also fails to achieve dense and homogeneous
structures because of mutual insolubility of the components, and the
low wettability of tungsten by liquid copper.5-8 The addition of small
amounts of cobalt, nickel, palladium, or iron can increase the sinter-

of tungsten inside the
composite particles was
also detected. Copper
spread before reaching its
melting point, filling pores
between the composite
powder particles. Sintering
at 1,200°C for 60 min
resulted in a final density of
about 95% of the pore-free
level, with an attendant
homogeneous microstructure.
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ability of mixed tungsten-copper powder com-
pacts.9-13 These elemental additions contribute to
an increase in density, but with an attendant
decrease in the electrical and thermal conductivi-
ty of the copper matrix.14

Homogeneous tungsten-copper composites,
with a density approaching the pore-free level,
can be obtained by the liquid-phase sintering of a
pre-alloyed nanocrystalline (NC) tungsten-copper
powder. A well-dispersed tungsten component in
the copper matrix is established by high-energy
ball milling (HEBM), also termed mechanical
alloying.15-19 Furthermore, the sintering tempera-
ture is lower than that required for the liquid-
phase sintering of conventionally prepared
tungsten-copper powder mixtures, and sintering
below the melting point of copper yields a material
with acceptable density.20.21

In the present work, the sintering behavior of a
NC W-30 w/o Cu composite powder, prepared by
HEBM, was monitored, below and above the melt-
ing point of copper. The sintered compacts were
evaluated as a function of heating rate, sintering
temperature, and isothermal time, in terms of
microstructural characteristics.

EXPERIMENTAL PROCEDURE

Tungsten powder, with an average particle size
of 0.78 mm, was obtained from Wolfram GmbH,
Austria, Figure 1(a). Atomized copper powder,
with an average size of 28 pm, was supplied by

Cylindrical samples 9.7 mm in dia x 2.1-2.6
mm in height were prepared by single-action uni-
axial compaction at 210 MPa. The green density
(d) of the NC W-30 w/o Cu composite powder was
61 = 1% of the theoretically calculated pore-free
density (d). Compacts were sintered in a resist-
ance furnace in a hydrogen atmosphere; sintering
conditions are given in Table [. The sintering tem-
perature was measured using a thermocouple in
contact with the sample inside the furnace.

The green density (d) and the sintered density
(df) were measured by the geometric method
(weight/volume) and the percent densification (d)
was then calculated from the relation:

B e (s |

d= le x 100 (1)
The morphologies, particle sizes, and particle-size
distributions, of the tungsten and copper powders
were characterized by optical microscopy (OM),
and by scanning electron microscopy (SEM).
These techniques were also used to monitor the
cross section of sintered samples. Possible con-
tamination resulting from HEBM was examined
by energy-dispersive X-ray (EDX) analysis. X-ray
diffraction (XRD) was utilized to identify the phas-
es present, and to determine the tungsten and
copper grain sizes.

TABLE I. Sintering Conditions for NC W-30 w/o Cu Compacts

Metalpé Indistria e Comércio Ltda., Brazil, Figure ~ Compact  Heatingrate  Temperature Time at
1(b). The tungsten-copper composite powder with Number (*Clmin) () Isotherm (min)
30 w/o copper was prepared by HEBM in a 1 10 930 0
Fritsch Pulverisette 7 planetary mill. Milling was 2 76 1045 0
performed in dry air for 51 h, using four WC-balls 3 7.6 1095 0
14.8 mm dia with a total weight of 100 g and a 4 76 1145 0

5 10 1200 60

ball: powder ratio of 10:3 by weight.

¥ & i o e
Figure 1. (a) Pure tungsten powder, and (b) pure copper powder. SEM
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The mean grain size D of the tungsten and cop-
per was calculated from the relation:22

_ 0.9

" Bcos® @)
where A is the wavelength of the x-radiation
(0.154 nm for CuKa), 6 is the diffraction angle,
and B is the full width at half maximum (FWHM)
of the diffraction peak.

RESULTS AND DISCUSSION
Powder Characteristics of HEBM Powder
Particle shape, particle size and the particle-
size-distribution change during HEBM, since the
high-energy impact of the WC balls repeatedly
deforms, cold welds and fractures the particles.
During HEBM, the hard brittle tungsten is
reduced to nanometer size and is dispersed in the

Figure 2.

NC W-30 w/oCu composite power after HEBM for 1 h. SEM

soft ductile copper matrix. HEBM continues until
the composite particle size and shape reach equi-
librium, and the tungsten particles are homoge-
neously dispersed in the copper matrix. The
composite particle size increases, exceeding that
of the original tungsten and copper particles,
Figures 2(a) and 2(b). At equilibrium, the original
tungsten particles and copper particles can no
longer be resolved. This confirms that the tung-
sten particles have been refined to a size < 300
nm, the limit of resolution of the SEM used.

The XRD image confirms the presence of tung-
sten and copper diffraction peaks, Figure 3. Thus,
the metal components in the composite powder
remained crystalline and did not form an amor-
phous phase. However, a broadening and shift of
the tungsten and copper peaks were detected,
Figure 4. Table II summarizes the calculated
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Figure 3. XRD pattern of NC W-30 w/o Cu composite powder

Figure 4. Broadening and shift of tungsten (110) and copper (111) peaks of NC

W-30 w/o Cu composite powder
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TABLE Il. Calculated Grain Sizes of HEBM Tungsten, Copper, and
NC W-30 w/o Cu Powders and Sintered Compact No. 5

Powder or By" 0"  By™ Bg™™ Dy D,
Sintered Compact () () () (°) (hm)  (nm)
W 20.14 0.24 353

Cu - 21.58 0.19 - 45
NC W-30 w/o Cu 2016 216 048 0.7 18 12
Sample 5 20.08  21.61 0.3 036 282 238

* Position of (110),, peak. ** Position of (11 1)g, peak. **Width of (110),, peak.
" Width of (1), peak.

Intensity (au)

D N

h.88 6.88 8.80 18.88 12_.80 14.88 16.688 18.88

Energy (keV)

Figure 5. EDX spectrum of NC W-30 w/o Cu composite powder HEBM 51 h

copper and tungsten grain sizes of the starting
powder, and of the resulting composite powder.
During HEBM, the copper and tungsten grain
sizes decreased to 12 nm and 18 nm, respective-
ly, forming nanocrystalline NC W-30 w/o Cu pow-
der. EDX analysis of the NC W-30 w/o Cu powder
composite did not reveal any contamination/oxi-
dation as a result of HEBM, Figure 5. The diffrac-
tion peaks of the gold originated from sample
preparation.

Effect of Sintering on Properties and
Microstructure

Figure 6 shows the variation in the relative sin-
tered density and densification of each sintered
NC W-30 w/o Cu compact, as a function of the
sintering temperature. A densification of about
11% and a relative density of approximately 72%
of the pore-free value were attained during solid-
state sintering of the NC W-30 w/o Cu compacts
at 1,045°C. A significant increase in densification
of ~ 18% was detected between compacts no. 2

and no. 3, which were sintered below (1,045°C)
and above (1,095°C) the melting point of the cop-
per (1,083°C). This difference is attributed to par-
ticle-enhanced rearrangement as the temperature
approaches the melting point of the copper. The
highest densification of ~ 33%, and an attendant
relative density of ~ 95% of the pore-free level,
were attained in compact no. 5, which was sin-
tered at 1,200°C for 1 h.

The microstructure of compact no. 1 sintered at
930°C, but which was not held at the isotherm,
showed composite particles of the same size and
shape as the initial particles, albeit separated by
voids, Figures 7(a) and 7(b). The tungsten particles
inside the composite particles were small and diffi-
cult to resolve, although some of the less-refined
particles were still visible, Figure 7(b). The tung-
sten particles were found to grow when the sinter-
ing temperature was increased to 1,045°C, as
shown in Figures 8(a) and 8(b). These micrographs
also show copper flowing out of the composite par-
ticles, and beginning to fill the voids. This process
is responsible for the higher densification (about
11%) of the NC W-30 w/o Cu composite achieved
during solid-phase sintering. Similar results were
reported by Ryu et al.20 and Lee & Kim.23 Figures
9(a) and 9(b) show the microstructure of compact
no.3 sintered at 1,095°C with zero time at the
isotherm. This microstructure is similar to that of
compact no. 2 sintered at 1,045°C, except that
growth of the tungsten inside the composite parti-
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Figure 6. Relative density and densification of compacts as a function of

sintering temperature
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Figure 7. Compact no. 1 sintered at 930°C for 0 min at the isotherm at a heating rate of 10°C/min. (a) interconnected porosity between compos-

ite powder particles, and (b) internal region of composite particle. SEM

Figure 8. Comact no. 2 sintered at 1,045°C for 0 min at the isotherm at a heating rate of 7.6°C/min. (a) regions between composite particles
filled with copper, and (b) spreading of copper, and growth of embedded nanometer-sized particles of tungsten inside composite particles. SEM

Figure 9. Compact no. 3 sintered at 1,095°C for 0 min at the isotherm at a heating rate of 7.6°C/min. () spreading of copper and filling of voids
between composite particles, and (b) copper pools, and growth of embedded nanometer-sized tungsten particles inside composite particles. SEM

cles is more pronounced, and the voids are essen- particles inside the composite particles. As
tially filled by copper. the tungsten particles grow, they form an

The migration of copper from inside the NC interconnected skeleton which begins to
composite particles at a temperature below its shrink as the temperature rises. This
melting point should result in a rearrangement of reduces the spacing of the tungsten particles
particles during solid-state sintering. The sintered and forces the copper out, even below its
structure can be attributed to two different sinter- melting point.
ing mechanisms: (i) sintering of the composite particles due to

(i) coalescence of nanometer-sized tungsten the migration of copper to the particle sur-
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Figure 10. Compact no. 5 sintered at 1,200°C for 1 h at the isotherm at a heating rate of 10°C/m
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voids between composite particles, and (b) internal region of composite particle with increased size of embedded nanometer-sized particles of

tungsten. SEM

faces, thereby filling the voids by capillarity.
This results in significant densification of the
NC W-30 w/o Cu during solid state sintering.

Figures 10(a) and 10(b) are representative of
the microstructure of compact no. 5 sintered at
1,200°C for 1 h at the isotherm. At low magnifi-
cation (Figure 10(a)), the composite particles
retain their size and shape and few voids are visi-
ble between the composite particles. The copper is
distributed uniformly and a dense structure (rela-
tive density ~ 95% of the pore-free level) is
attained, Figure 6. At a higher magnification,
large tungsten particles are present with an esti-
mated average particle size of 600 nm, Figure
10(b). Kim et al.15.16 identified two particle
rearrangement processes during the liquid-phase
sintering of NC W-Cu samples: (i) extensive
rearrangement of the composite particles during
melting of the copper, accompanied by densifica-
tion, reaching a final density ~ 95% of the pore-
free level; and (ii) dispersion of the tungsten
particles throughout the sample, resulting in
structural homogenization and a final density of ~
97% of the pore-free level. In the present study,
the second type of particle rearrangement was not
confirmed; the composite particles retained both
their original size and shape.

Table II confirms that the tungsten and copper
grain sizes of the sintered W-30 w/o Cu (compact
no. 5), increase, as expected. However, the grain
sizes remain well below the original grain sizes of
the tungsten and copper powders.

CONCLUSIONS
1. After HEBM for 51 h, a NC W-30 w/o Cu
composite powder is obtained with well-dis-

persed and refined tungsten particles in a
ductile copper matrix.

2. Solid-state sintering, below the melting point
of copper, resulted in a relative density ~
72% of the pore-free level.

3. Sintering in the presence of liquid copper at
1,200°C for 60 min resulted in a relative
density ~ 95% of the pore-free level, with
retention of the size and shape of the com-
posite particles.

4. With increasing temperature and time at
the isotherm, the tungsten and copper
nanocrystals grew. Nanometer-sized tung-
sten particles inside the composite particles
also grew.

5. Before reaching its melting point, copper was
observed to spread and fill the voids between
the composite powder particles.
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