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Abstract Tungsten coatings with thickness of 5-500 nm
are applied onto plane-faced synthetic diamonds with
particle sizes of about 430 and 180 pm. The composition
and structure of the coatings are investigated using scan-
ning electron microscopy, X-ray spectral analysis, X-ray
diffraction, and atomic force microscopy. The composition
of the coatings varies within the range W-W,C-WC. The
average roughness, R,, of the coatings’ surfaces (20-100
nm) increases with the weight—average thickness of the
coating. Composites with a thermal conductivity (TC) as
high as 900 W m~' K~' are obtained by spontaneous
infiltration, without the aid of pressure, using the coated
diamond grains as a filler, and copper or silver as a binder.
The optimal coating thickness for producing a composite
with maximal TC is 100-250 nm. For this thickness the
heat conductance of coatings as a filler/matrix interface is
calculated as G = (2-10) x 10’ W m~2 K~ '. The effects
of coating composition, thickness and roughness, as well as
of impurities, on wettability during the metal impregnation
process and on the TC of the composites are considered.
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Introduction

Certain forms of carbon have the greatest thermal conduc-
tivity (TC) among solid substances. At the same time, such
carbon materials as pyrographite, carbon fibers, and nano-
tubes have a highly pronounced anisotropy of structure and,
correspondingly, of TC. Thus, for graphite crystals at room
temperature, the TC' reaches 1000-3000 W m~' K™!
within the plane of the crystal layers, while perpendicular to
the layers it is only 6 W m~' K~' [1-3]. Axial TC for
carbon fibers made of pitch may reach 1200 W m~" K™,
and for chemical vapor deposited (CVD)-carbon fibers it
may be as high as 2000 W m~"' K™', but their radial TC is
much lower [2, 3]. Diamond in the form of pure defectless
monocrystals has a TC of up to 2000-3000 W m~' K™,
while in practice the TC of diamond can be regarded as
isotropic [1-3]. Measured along the axis, the TC of multi-
walled carbon nanotubes is more than 3000 W m™! Kil,
with a theoretical estimate of 6600 W m~' K~ for single-
wall carbon nanotubes [1]. The materials currently used as
heat sinks and thermal conductors in high-heat-flux systems
are graphite, carbon fiber, and diamond; for the most part,
nanotubes are still at the research stage. If TC anisotropy is
not required, it is sensible to use diamond as a high heat
conducting material. Powders and grains of natural dia-
mond are not widely used as a technical raw material.
Synthetic diamond is commercially available in the
following basic forms:

— powders or grains, with particle or crystal size ranging
from 5 nm to roughly 1 mm, which are produced at
high pressures and temperatures under conditions of

! Here and below TC is considered at temperature about 300 K.
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diamond thermodynamic stability and contain impuri-
ties of metals catalyzing graphite—diamond transition,
generally Fe, Co, or Ni;

— polycrystalline compacts produced by sintering parti-
cles of diamond at high pressure;

— films, coatings, and layers produced by CVD under
non-equilibrium conditions.

The polycrystalline compacts of diamond, obtained at
pressures of more than 1 GPa and high temperatures, are
limited as to their size and shape [4]. CVD-diamond is
expensive and takes tens (hundreds) of hours to produce.

In most cases, materials with a high thermal conductivity
are obtained in the form of composite materials, in which
both the filler and the binder are substances with high TC.
Composites with a filler of diamond particles may be made
with a carbon, ceramic or metal binder (matrix). Diamond
powders and grains of sufficiently high quality are avail-
able, owing to the large-scale production of such raw
material for tooling and abrasive machining requirements.

The following relationships are universal for composites
with diamond filler. The TC of the composite decreases if

— the volume fraction of the diamond filler diminishes,
since the TC of the filler is higher than the TC of the
matrix;

— the content of impurities (mainly nitrogen) in the
diamond increases, as the TC of the filler decreases as a
result;

— the diamond particle size reduces, since the filler/
matrix interface, which has a finite thermal resistance,
enlarges within the composite.

Cubic boron nitride, silicon carbide, and beryllium oxide
have the highest TC among nonmetallic compound sub-
stances. The TC of BN,p, SiC, and BeO monocrystals is
1300, 490, and 370 W m~' K7, respectively [1]. The use
of BeO is inexpedient due to its high toxicity. Producing
boron nitride in its cubic form is as technically complex as
diamond synthesis. Silicon carbide is used as a binder in
composites with diamond filler. A widespread technique of
composite production consists of the following stages:
(1) the molding of a porous preform of the diamond
powder (by pressing from slurry with or without an organic
binder); (2) the heat treatment of this preform to form a
semiproduct of diamond particles bonded with non-dia-
mond carbon (CVD of pyrocarbon from hydrocarbons,
carbonization of binder or partial diamond graphitization
by heat treatment in a vacuum or with inert gas); (3)
impregnation with the silicon melt to form silicon carbide
by the reaction C + Si — SiC.

For example, diamond-SiC-Si composites, with a
residual silicon content ranging from 0.4 to 31%, were
obtained from synthetic diamonds, with a dispersity

varying from 3-5 pm to 50-63 pum, by siliconizing them in
a vacuum at 1550 °C [5]. Using electron microscopy and
electron diffraction it was found that there were many
defects within a ~0.6 um layer at the diamond/SiC
interface, though the defect content of the diamond filler
and the silicon carbide matrix in zones further from the
interface was low [6]. The problem with producing com-
posites with a nonmetallic binder is the complexity of
ensuring a high TC in the binder, since the TC of ceramic
materials declines sharply in the presence of impurities,
defects, and any deviation from a monocrystalline struc-
ture. For example, while the TC of monocrystalline SiC is
300-490 W m~' K~!, for silicon carbide obtained by
CVD it is 75-390 W m~! K™!; for reaction-sintered SiC it
is 70190 W m~ ! K~ !; and for hot-pressed SiC it is
50-120 W m™' K~' [1]. If the TC of the binder is not
sufficiently high, a composite with a high TC cannot be
achieved, but it is very difficult to obtain a monocrystalline
ceramic matrix.

Composites with a metal binder are obtained by the
methods of infiltration of a melt or sintering. Silver and
copper, which have the highest TC among metals (420 and
390 W m~' K™, respectively) can be used as matrices for
composites. Aluminum, which has a lower density and
which is cheaper, but has the noticeably lower TC of
230 W m ! K7!, is also used. Aluminum is a carbide-
forming element, though in the process of obtaining com-
posites, when liquid aluminum is in contact with diamond,
carbide forms only on the {100} faces of the diamond
crystals [7]. Copper and silver are not carbide-forming
metals, their melts do not wet the surface of carbon, and
this is the main problem in obtaining diamond—Cu and
diamond—Ag composites. For these reasons, and because
diamond is a dielectric with a phonon mechanism of TC,
whereas in metals heat is conducted by electrons, it is hard
to achieve high adhesion and low thermal resistance at the
filler/matrix interface. Thus, a number of reports are
known, where the TC of obtained diamond—copper com-
posites was about or even lower than the TC of the copper
matrix [8, 9].

Diamond—copper composites can be obtained without
the introduction of a third component by sintering or
infiltration under high pressures >1 GPa. Thus, in [10]
composites with a volume fraction of diamond of 50-80%
and a TC of up to 740 W m~' K~' are obtained from
powder mixtures of diamond, with particle size from
20-30 pm to 90-110 pm, and copper, by treatment at
4.5 GPa and 1150-1200 °C for a period of 15 min. Dia-
mond—copper composites were sintered at 8 GPa pressure
and 1600-1800 °C temperature [11]. With a diamond
volume fraction of 90-95%, the TC of the composites
increased from 240 to 900 W m~" K" in line with the rise
of diamond particle size from 7-10 pm to 425-600 pm.
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Under milder sintering conditions, at 1-3 GPa, the dia-
mond grains did not stay in the copper matrix, owing to bad
adhesion. The authors of [11] proposed a structural model
of the diamond grains within the composite material
according to which the diamond consists of an internal core
with an undistorted diamond structure and a TC of
~1000 W m~! K™! and defective external shell, formed
during sintering, with a thickness of ~5 pum and a TC of
~240 Wm™' K™\

Composites of diamond with a copper or silver matrix
can be obtained without the application of high pressures
>1 GPa, by making a thin transitional carbide layer at the
diamond/metal interface. This can be achieved either by
adding a small amount of a carbide-forming element into
the metal of the binder or by the prior application of a
coating of a carbide-forming metal onto the diamond
surface.

Thus, the infiltration of a copper-based alloy with
additions of chromium or boron was used by Weber and
Tavangar [12]. As the concentration of the additions
increased, the TC of the diamond-metal composite
increased, peaking at a concentration of chromium in
copper of 0.3 at.% and of boron in copper of 2.5 at.%, and
then decreased. With a diamond volume fraction of 60%,
and with a particle size of 200 pm, the TC of the diamond-
Cr—Cu composite reached 600 W m~! K_l, while that of
the diamond—B—Cu composite reached 700 W m~' K~!
[12]. In [13], using a eutectic Ag-3 wt% Si alloy, com-
posites with a TC of 775-860 W m~' K~ were obtained
for monodisperse diamond fillers with a particle size of 350
and 450 pm, the volume fraction of diamond in the com-
posite being 61-65%. A TC of 960-970 W m~ ' K™ was
achieved for bidisperse fillers where the diamond particles
were 450 and 52 pum or 350 and 52 um in size and the
volume fraction of diamond was 73-76%. Calculating the
TC using the differential efficient medium (DEM) model
showed that in the case of the monodisperse fillers, the
theoretical TC limit of the composite had almost been
reached [13].

In both cases [12, 13], infiltration of the melt into the
dense diamond bed was assisted by gas pressure: heating
and isothermal exposure were carried out in a vacuum at
10 Pa and an inert gas (Ar) was supplied at 0.5-5 MPa
before cooling. In [14], a diamond—Cr—Cu composite was
obtained and investigated. A mixture of 180-210 pum dia-
mond grains and 0.8 wt% Cr—Cu alloy powder was sin-
tered by pulse electric discharge to form a composite. The
composite had a diamond volume fraction of ~50% and
a TC of 640 W m™ ' K~'. Using X-ray diffraction and
electron microscopy it was determined that a layer of
chromium carbide Cr;C, with a thickness of 100 nm and a
crystallite size of 2040 nm had been formed at the filler/
matrix interface, almost all the chromium from the alloy

@ Springer

with copper having been changed into carbide. A diamond-
Cu composite obtained with a binder of pure copper had a
TC of only 200 W m~' K~'. In [15], diamond—copper
composites were obtained by hot-pressing at 950 °C. Dia-
mond, with a particle size of 100-125 um, copper, and
copper with the addition of 0.3—1.5 wt% of B, Cr, Al, Ti, or
Zr was used. Additions of boron or chromium to the binder
metal considerably increased the TC of the composite,
aluminum slightly decreased the TC, and titanium and
zirconium slightly increased it. Using a binder with a
composition of Cu-0.8% Cr, the TC of a composite with
the diamond volume fraction of 42% ranged from 490-515
to 590-640 W m~' K~', depending on the heating tech-
nique used in sintering (indirect or direct). In comparison,
the TC of a composite made with a pure copper binder was
25Wm™ 'K

As can be seen from the references cited, the method of
obtaining of diamond—copper and diamond-silver com-
posites from alloys of copper or silver with a carbide-
forming element is widely and successfully used. By
contrast, there are a rather limited number of publications
about the method, which uses a pre-coated diamond. For
example, [15] describes the application of a molybdenum
coating, with a thickness of 180 nm, to particles of silicon
carbide measuring 30-70 pum to obtain SiC—Mo—Cu com-
posites by hot-pressing with a binder of pure copper. The
TC of the composite was 290 W m~' K™™' as compared
with 220 W m~" K™! for the SiC—Cu composite without a
molybdenum coating. However, no data are available about
similar experiments where coatings are applied onto dia-
mond to obtain diamond—copper composites. The authors
of [16, 17] applied a multilayer coating to diamond filler.
Using physical vapor deposition, the diamond powder was
coated first with a 10 nm-thick layer of a carbide-forming
metal (W, Cr, Ti, Zr) and then with a layer of solder (Cu)
100 nm thick. Additionally, to improve the powder com-
pactability, a copper layer was built up by “wet” electro-
less deposition to a thickness of several um. A composite
was then produced by the capillary infiltration of copper or
a Cu—Ag alloy in a vacuum. A composite with a diamond
particle size of 650 pm and a diamond volume fraction of
55%, with a first coating layer composed of W-26% Re,
and a binder of Cu-80% Ag alloy had a TC of
420 W m ' K! [16] (360 W m ! K! according to the
later report [17]). In [18], a chromium coating with a
thickness of 1 pym was applied by vacuum deposition to
diamond with a particle size of 100 um. A composite was
then produced on a copper binder using spark plasma
sintering. With a filler volume fraction of 40-65%, the TC
of the composite was less than 290 W m~! K™ In [19],
diamonds with particle sizes of about 40, 140, and 190 pm
were coated by magnetron sputtering with a layer of a
copper-based alloy with additions of a carbide-forming
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element (Cu-0.5 wt% B, Cu-1 wt% Cr, Cu-3 wt% Si,
Cu—4 wt% Ti), approximately 2 pm thick. Composites
with a copper binder were also produced, using the spark
plasma sintering method. With a filler volume fraction of
60-80%, the TC of the composite materials was not more
than 300 W m~! K~'. Thus, these attempts [16—19] to
obtain diamond-metal composites with a high TC by pre-
liminary application of coatings to the diamond filler
failed, since the materials obtained had a TC at the level or
lower than that of the matrix metal.

The purpose of our work was to check experimentally
the possibility of obtaining diamond—copper and diamond-
silver composites with high TC exploiting the spontaneous
infiltration (without the aid of pressure) by means of prior
modification of the diamond fillers (applying a single layer
of tungsten coating) as well as to investigate the structure
and properties of the fillers and composites produced.

Experimental

High-quality synthetic diamonds, SDB 1085 35/45 (De
Beers) and AS-160 200/160 (Intech Diamant),> with plane-
faced cubic-octahedral monocrystalline particles, produced
with an iron—nickel catalyst, were used. The nominal par-
ticle size was 350-500 pm for the SDB 1085 diamond and
160-200 pm for the AS-160 diamond. For synthetic plane-
faced diamonds there is a known correlation between their
habitus and color on the one hand, and their TC, within a
range of 500-2000 W m~' K™', on the other [20]. As per
this correlation, the TC of the SDB 1085 and AS-160
diamonds used can be estimated as ~ 1500 W m~' K.
The estimation from Maxwell equation based on the
experimental TC of the diamond—copper composite has
shown that the intrinsic TC of the SDB 1085 35/45 dia-
mond is not less than 1000 W m ! K~! [21]. Because of
the presence of nitrogen impurity, the TC of commercial
diamonds for powders intended for use as abrasives is less
than 2000 W m~' K™' [13, 22].

Tungsten single-layer coatings were applied to diamond
grains by the diffusion method [23, 24] at temperatures of
900-1100 °C. The thickness of the coatings ranged from 5
to 500 nm, depending on the treatment conditions. The
quantity of the applied coating was measured gravimetri-
cally by determining the increase in the diamond powder
mass after applying the coating. Etching tests were also
done by carrying out chemical removal of the coating in an
alkaline solution of potassium ferricyanide (30.5 g
K5Fe(CN)g + 4.45 g NaOH + 100 mL H,O, 15 mL of

2 Numbers written with a slash designate the granulometric compo-
sition of the powders; in the first case, in meshes, in the second, in
micrometers.

solution per 1 g of sample, 10 min with heating up to
boiling). The results of determining the coating quantity by
weight increment after deposition and by mass loss after
etching coincided with an accuracy of 5%. Some of the
coated diamonds were subjected to additional heat treat-
ment (annealing) in a vacuum at 10 Pa, 1100 °C for 5 min.

Oxygen-free copper and silver were used as matrix
metals. Metal purity was more than 99.9 wt%. Element
analysis of the impurities in the metals was carried out by
atomic-emission spectroscopy in inductively coupled
plasma using a PS-1000 (Teledyne Leeman Labs); for
sample preparation the metals were dissolved in nitric acid.
The mass fraction of impurities in the copper was: B, Al, P,
Co, Zn, Cd—Iess than 1 ppm; Si, S, Ti, Sn, Pb, As, Sb,
Bi—less than 10 ppm; Cr—S5 ppm, Mn—1 ppm, Fe—
20 ppm, Ni—20 ppm, Ag—20 ppm. And in silver: Al, Co,
Ni, Zn, Cd—Iless than 1 ppm; S, Sn, Pb, As, Sb, Bi—less
than 10 ppm; Si—8 ppm, Fe—5 ppm, Cu—2 ppm.

Diamond-metal composites were obtained by top-infil-
tration of the metal melt into a dense bed of the pre-coated
diamond particles. To produce the composites, 1 g of
coated diamond was used; the ratio of the mass of the
binder (metal) to the mass of filler (diamond with coating)
C was maintained constant: C = 1.50 for the copper matrix
and C = 1.75 for the silver one. These ratios ensure the
highest possible volume fraction of diamond in the com-
posite (x0.63 for a monodisperse filler in the case of zero
porosity). Infiltration was carried out in a vacuum at a
pressure of about 10 Pa, in graphite molds, and in a
chamber made of chrome-nickel steel with induction-
heated walls. The mold containing the filler-and-metal
preform was heated from room temperature to the maximal
temperature within 6 min. The impregnation temperature
for copper was 1130 °C with a holding time of 5 min; for
silver the temperature was 1000 °C and the holding time
10 min. Composite samples were obtained in the form of
cylinders with a diameter of 5 mm and a height of
23-24 mm.

The diamond grains, with and without applied coatings,
were investigated using scanning electron microscopy
(SEM) with X-ray spectral microanalysis, X-ray diffraction,
and atomic force microscopy (AFM). Images with a mag-
nification of x60... x6000 were obtained using an electron
microscope JSM-35CF (Jeol) with a Link 860 energy-dis-
persive attachment (Link) for element microanalysis. The
coating thickness on individual facets was determined using
the ratio of the tungsten line intensity of the coating to the
tungsten line intensity of a volume standard (Yakowitz—
Newbury method). To do this, electron probe X-ray spectral
microanalysis of the coatings was carried out on
~30 x 30 pum areas of various grains, taking 10 replicate
measurements. The phase composition of the coatings was
determined with X-ray diffraction. Diffractograms were
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taken using a Difray (Scientific Instruments) with a position-
sensitive detector on Cu K, radiation, with an incidence
angle of the X-ray beam relative to the sample surface of 15°
and an irradiated area of about 20 mm”. The surface
roughness was measured by scanning 30 x 30 pm areas on
the facets of the diamond grains, using a Solver P-47 Pro
atomic force microscope (NT-MDT).

Density, TC, and coefficient of linear thermal expansion
(CTE) were determined for the composite samples produced.
Density was measured using a pycnometer with an accuracy
of 1% and with water as the operating fluid. The absence of
open porosity was confirmed visually using an optical
microscope. TC was measured using the steady-state axial
heat flux technique [21], taking 5-7 independent measure-
ments at 60—70 °C. Namely, the TC was measured by an
absolute method in a vacuum (pressure 3 Pa). The sample-
rod was clamped vertically between two copper cylinders.
The vertical heat flow through the cylinder-sample-cylinder
was determined by means of thermocouples assembled in the
copper cylinders. The vertical gradient of temperature for the
sample was measured by two another thermocouples, which
were mounted on the external surface of the samples without
drilling holes. The results of measurements of the TC of a
copper standard, of 99.9 wt% purity and of the same size as
the composite samples ((J5 x 25 mm), are shown in Fig. 7.
The TC value measured for the copper standard,
(383 £ 18) W m~' K™!, coincides with the reference data
[25]. The average CTE, within a temperature range from 20
to 300 °C, was measured in a dilatometer with an accuracy
of 5%.

Results

The diamond particles kept their initial shape after apply-
ing the coating. Particles of SDB 1085 diamond are mostly

regular polyhedrons, whereas for AS-160 diamond, the
number of particles with defects (chips, large growth steps,
etc.) was greater (Fig. 1). According to SEM and X-ray
spectral microanalysis, all the coatings produced are con-
tinuous, and the heterogeneity of the coatings is apparent,
starting from a scale of the order of 10 um (Fig. 2).
Additional heat treatment in a vacuum at 1100 °C has an
insignificant effect on the coating morphology.

According to AFM, the initial SDB 1085 and AS-160
diamonds have pores similar to etching pits with diameters
ranging from fractions of pm to several um, extending
from the surface into the interior of the particles. After
coating deposition, clearly defined pores were not
observed.

Images of the surface of SDB 1085 diamond, in its
initial state and with a 110 nm coating, obtained by
AFM, are shown in Fig. 3. In Fig. 3a, one can see a
growth step and pores on the smooth facet of initial
diamond. With a coating thickness in the range of
50-500 nm, the coating surface texture on the SDB 1085
diamond is similar to that depicted in Fig. 3b and has a
continuously lumpy character. At the same time, the
mean roughness, R,, of the coating surface increases
linearly with the weight—average thickness of the coating
(Fig. 4), reaching about 100 nm at a coating thickness of
500 nm. The mean (arithmetic average) roughness, R,,
characterizes the surface texture, being the extent of
deviation from an ideally smooth surface, is measured as
the mean value of absolute deviations of the profile from
the baseline. The R,/h ratio is an additional characteristic
of texture. For a substrate with zero roughness, R./h < 1
may be taken as the condition of continuous coating. As
can be seen from Fig. 4, the R,/ ratio for the coatings
obtained is between 0.1 and 0.3 for coatings with a
thickness of at least 100 nm. For SDB 1085 diamond,
the coating roughness increases appreciably with coating

Fig. 1 Particles of SDB 1085 35/45 diamond with a coating of 150 nm thickness (a) and AS-160 200/160 diamond with a coating of 130 nm

thickness (b). SEM in secondary electrons
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Fig. 2 Surface of SDB 1085
35/45 diamond with coating of
150 nm thickness: a and c after
applying coating; b and d after
additional heat treatment at
1100 °C for 5 min in a vacuum.
SEM in secondary electrons

Fig. 3 AFM images of the surface of SDB 1085 35/45 diamond a in
its initial state and b with a coating of 110 nm thickness

thickness, while for AS-160 diamond R, rises slightly
with &, and absolute values of roughness for the AS-160
are lower than for the SDB 1085.

Examples of diffractograms of the initial diamonds,
diamonds with a coating, and diamonds with a coating after
heat treatment are presented in Figs. 5 and 6. For SDB
1085 diamond with coating thickness of 50 nm and above,
metal tungsten (W) is the dominating phase of the coating,
and the content of carbides (W,C, WC) in the coating is
insignificant. The annealing of diamond with a tungsten
coating results in the carbidization of the coating; the
diamond carbon of the substrate grains interacts with the
tungsten of the coating to form tungsten semicarbide
and monocarbide:

2W + Cgiamond = W2C (1)
W 4 Cdiamond =WC (2)
WZC + Cdiamond =2WC (3)

In the case of SDB 1085 diamond with a coating thickness
of at least 50 nm, after heat treatment (1100 °C, 5 min) all
three phases, WC, W,C, and W, are present in the coatings,
and the thicker the coating, the higher the content of metal
tungsten and the lower the content of monocarbide WC.
For AS-160 diamond, in comparison with SDB 1085 dia-
mond the applied coatings contain more tungsten semi-
carbide, so that at a thickness of 100-200 nm they consist
of W and W,C in comparable quantities. As a result of heat
treatment, coatings on the AS-160 become carbidized to a

3 Identification by PDF database: 6-675* diamond, cub. lattice;
4-806* W cub.; 35-776* W,C hex.; 25-1047* WC hex.
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Fig. 4 The average roughness of the surface of coatings on SDB
1085 35/45 diamond without annealing (squares) and on AS-160 200/
160 diamond after annealing (friangles) versus the weight—average
thickness of the coating. Two points at & = 0 correspond to the initial
diamonds without coatings
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Fig. 5 X-ray diffractogram of SDB 1085 35/45 diamond: / initial, 2
with a tungsten coating of 150 nm thickness, 3 with a coating after
heat treatment in a vacuum (1100 °C, 10 Pa, 5 min)
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Fig. 6 X-ray diffractogram of AS-160 200/160 diamond: / initial, 2
with a tungsten coating of 130 nm thickness, 3 with the coating after
heat treatment in a vacuum (1100 °C, 10 Pa, 5 min)

greater extent (i.e. contain more WC) than coatings on the
SDB 1085. Graphite-like carbon was not detected any-
where either before or after heat treatment of the coating.

For AS-160 and especially SDB 1085 samples the dif-
fraction peak C{111} near 44° was registered with poor
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reproducibility due to the large size of the diamond parti-
cles* and the regular plane-faced shape of these particles. It
is connected with the fact that an insufficiently large
number of crystals meet the X-ray beam, and grains in the
cuvette may lie not in a random manner. Yet, the diffrac-
tograms of the coatings are registered reliably. The mass
absorption coefficients of Cu K, radiation for carbon and
tungsten are p¥c =4.51 cm*/g and p*w = 168 cm?/g
[26]. The linear absorption coefficients p = pu* are
pic = 15.8 cm™! and py = 3240 cm ™', respectively. The
penetration depth of X-radiation 1/u is 630 pm (diamond
substrate) and 3.1 pum (tungsten coating). The coating is
therefore analyzed through its whole depth (1/uw > h,
where h is the coating thickness), and the recording is
carried out from the powder bed with the thickness of one
or several diamond particles (1/uc > D, where D is parti-
cle diameter). With a coverage area of ~20 mm?, the
diffractogram is registered from more than 107 particles in
the case of the more coarsely dispersed diamond, SDB
1085 35/45. The problem of the heterogeneity of the phase
composition of the coating, i.e. how phases W, W,C, WC
are distributed over various diamond particles, over the
various facets of individual particles, over an area and
throughout the depth of the coating layer on the individual
facets, needs further investigation.

As a measure of the quantity of coating applied to
particles in the course of the present research we use the
value of the equivalent weight—average thickness of an
ideal smooth homogeneous film of metal tungsten s, nm
mw

pwms

h= 10° (4)
where myw (g) is the tungsten mass in the coating,
pw = 19.3 g/cm® is the tungsten density, m (g) is the
diamond mass, s (m?/g) is the specific geometric surface of
diamond particles. The value # is convenient for comparing
a number of coatings with differing roughness and phase
composition. The real thickness of the coating varies,
changing from one point to another due to heterogeneity
and roughness. For carbide coatings, the weight—average
thickness of tungsten can be recalculated into the weight—
average thickness of corresponding carbide. For example, in
the limit of the tungsten monocarbide coating hwc = (Mwc/
Mw)(pwl/pwc)h = 1.32 h, where My c = 195.85 g/mol and
My = 183.84 g/mol are the molar masses of WC and W,
pwe = 15.6 glem® is the density of WC. Since coatings
can be multiphase (W-W,C-WC) and have a less than
monocrystalline density, due to the presence of defects,
then a detailing of thickness determination seems to be
unreasonable in the aspect of general characteristic of the
coating quantity which is of interest to us here. The specific

4 Optimal for powder diffractography particle size is several um.
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geometric surface area of diamond particles was calculated 1+C
by the ratio px= (1—-x) x C (6)
6 Pd Pe Pm
s = (5) , .
paDY where C is the mass ratio of the metal to the coated

where pq = 3.52 g/lem® is the diamond density, D =
(Dmin + Dmax)/2 (um) is the median-average size of the
diamond particles, iy = 0.7 is the form-factor (ratio of the
surface area of a sphere of equal volume to the particle
surface area). The value of y = 0.7 is a mean for the
various powders used in practice, whose particle geometry
is not anisotropic [27]. For the morphological series of
regular polyhedrons of synthetic diamond crystals cube—
cuboctahedron—octahedron-rhombododecahedron [28], a
calculation of the form-factor \ gives the following values:
0.806-0.905-0.846-0.905. Deviations from the ideal geo-
metric shape and defects (chips, growth steps, etc.)
decrease the value of . The calculated value of s is equal
to 0.0057 m%*g for SDB 1085 35/45 diamond and
0.014 m*/g for AS-160 200/160 diamond.

The weight—average thickness of the coatings deter-
mined by gravimetric data and characterizing a powder
sample as a whole (1-10 g), coincided with the local
weight—average thickness of coatings on facets of indi-
vidual particles found by X-ray spectral microanalysis,
with deviations within +20%.

Data on the properties of the diamond—metal composites
obtained are listed in Table 1. The density of the ideal
nonporous composite is calculated by the ratio

diamond, x is the mass fraction of the coating on the
diamond, pq = 3.52 g/lem® is the diamond density,
pe = 193 g/lem® is the coating density (W), p,, is the
matrix metal density (8.92 g/cm? for copper and 10.49 g/cm®
for silver). In the absence of a coating (x = 0), p* =
5.53 g/em® for the copper matrix and p* = 6.10 g/cm’ for
the silver matrix; taking the coating into account (x < 5%
for fillers used) somewhat increases p*. According to the
observations made with the optical microscope, there was
no open porosity in the composite samples. The closed
porosity of the composite ¢ is calculated by the equation

e=1-L (7)

px
where p is the pycnometric density of the sample. The
volume fraction of diamond vy in the composite is

1—x p
C1+C pg ®
Figure 7 illustrates the dependence of composite TC on
the thickness of the coating applied to the diamond filler.
One group of the composite samples on a copper matrix
is obtained from diamond filler with a directly applied
tungsten coating; another group is obtained from filler with
a coating, which has undergone additional heat treatment.

Vd

Table 1 The properties of metal matrix composites on the basis of a diamond with a tungsten coating and the conditions for producing them

Matrix Diamond Coating Heat Composite
thickness  treatment® - - -
h (nm) Pycqometrlc , Closeq D1anr}ond volume  TC o CTE «
density p (g/cm’) porosity & (%) fraction vy Wm— K7 (ppm/K)
Cu SDB 1085 110 — 5.54 0.4 0.63 907 £+ 11 6.9
130 5.46 2.0 0.62 830 + 16
150 542 2.8 0.61 741 + 73
170 5.50 1.5 0.62 731 + 21
240 5.54 1.2 0.62 597 £ 31
320 5.51 22 0.62 579 +£ 42 8.3
470 5.59 1.6 0.62 476 + 22
50 + 5.21 6.1 0.59 723 + 36
150 5.51 1.2 0.62 648 £+ 59
AS-160 130 + 5.50 23 0.62 679 £ 9 7.6
190 5.47 3.5 0.61 700 + 14
240 5.48 4.0 0.61 767 £ 8
Ag SDB 1085 110 - 5.52 10.1 0.57 847 £+ 58
240 5.99 3.1 0.61 834 + 44 8.6
AS-160 130 — 5.80 6.6 0.59 646 £+ 60 9.7

? Diamond after coating deposition was annealed in a vacuum (1100 °C, 10 Pa, 5 min)

® Confidence limits with the confidence level of 0.05 are indicated
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Fig. 7 The TC of diamond-metal composites versus the weight—
average thickness of the tungsten coating on the diamond: SDB
1085—Cu (squares), SDB 1085 with annealed coating—Cu (rhom-
bs), SDB 1085—Ag (circles), AS-160 with annealed coating—Cu
(only error bars) (Table 1). Dash line is the TC of a copper etalon

The temperature of this heat treatment (1100 °C) was close
to the temperature of the copper infiltration (1130 °C), and
so in the case of the fillers which had undergone prior heat
treatment, the structure and phase composition of the
coatings have been stabilized and should not noticeably
change during the process of infiltration. But when fillers
which have not been annealed are used, the carbidization of
the tungsten coating on the diamond should run during the
process of heating performed to produce the composite.
Probably, in the latter case the degree of carbidization of
the tungsten coatings, being a part of the formed composite
is roughly the same as after the heat treatment in a vacuum.
Heat treatment had little effect on the coating surface
roughness. So, for SDB 1085 diamond with a coating of
150 nm thickness, R, was 41 nm without annealing and
36 nm after annealing; for AS-160 diamond with a coating
of 240 nm thickness, R, was 28 nm without annealing and
27 nm after annealing.

The composites obtained have low residual porosity and
a roughly the same diamond volume fraction of
0.60 £ 0.03. For the composite obtained from SDB 1085
diamond with a copper matrix, the dependence of the TC
on the thickness of the tungsten coating was investigated
extensively. If the thickness of the coating was too small,
we failed to obtain a composite, or the composite produced
was of bad quality. Thus, with tungsten coatings of
h = 6 nm, a copper infiltration into a bed of coated SDB
1085 diamond did not run, while for 2 = 20 nm the
composite had cavities and some grains broke down out of
the sample. Such behavior was observed with non-heat-
treated coatings up to a thickness of 100 nm for SDB 1085
diamond. We succeeded in obtaining a robust composite, if
SDB 1085 diamond with a coating as thin as 50 nm was
additionally annealed. But additional heat treatment of
coated SDB 1085 diamond reduced the TC of the com-
posite. For SDB 1085 diamond with a 150 nm coating
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without annealing, the TC of the composite reached
740 W m~ ! K™!, while in the case of additional heat
treatment the TC fell to 650 W m~' K~' (Table 1).

Discussion

Let us consider the data obtained as they pertain to the way
the process of infiltration is carried out and the TC of the
composites produced.

Wettability is a necessary condition of melt spreading
(pressureless infiltration in the case of particle bed
impregnation):

0<0<90° )

where 0 is the contact angle of a liquid on a solid surface.
Diamond is not wetted by the melts of metals belonging to
the IB Group of Periodic Table. Values of wetting angles
are represented in Table 2. As can be seen from the table,
wetting angles are less on diamond facets {111} and
increase with surface roughness.

Thus, if infiltration is carried out using metal melts
which do not wet diamond and do not contain carbide-
forming additives; it is necessary to modify the diamond
surface by applying a coating, which ensures wettability.

As a general rule, the following factors influence the
wettability by a metal melt of a coating applied to a non-
metal (diamond):

— phase composition (metal or carbide) and possible
heterogeneity of the chemical composition of the
coating;

— coating thickness, if it is less than hundred(s) of nm;

— coating roughness;

— the presence of impurities in the coating and melt
(especially on their surfaces).

The same factors determine the TC of the composites
obtained.

Coating composition

The wetting angle of copper on bulk metal tungsten in a
high vacuum (pressure 3 x 107> Pa) is 39° at 1150 °C,

Table 2 Contact angle of copper at 1100 °C and silver at 1000 °C on
carbon materials in a vacuum at 107> Pa [29]

Substrate Roughness 0 (°)
(nm) —
Cu Ag
Diamond {111} 10 138 134
50 158 146
Diamond {100} 10 147 142
Graphite MPG-6 - 143 127
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29° at 1250 °C, and 0° at 1350 °C [30]. The decrease in the
wetting angle with increasing temperature is explained by
the desorption of surface oxides from tungsten, which
oxides worsen the wetting.

The wetting angle of copper on tungsten carbide is small
and lower than on most other carbides (Table 3). The
wetting angle of copper on molybdenum carbide Mo,C at
1130 °C is 40° [31].

Our experiments are carried out at a pressure of about
10 Pa, when oxygen content in the gas phase is higher, and
SO0 one can expect a certain increase in the value of the
wetting angle in comparison with a high vacuum. In a high
vacuum at relatively low temperature (1150 °C) the wet-
ting angle on tungsten carbide WC (17°, see Table 3) is
lower than that on metal tungsten (39° [30]). However,
composite production at a temperature of 1130 °C showed
that additional heat treatment of the coated diamond, which
was accompanied by coating carbidization, did not result in
an improvement in wetting.

The TC of metal tungsten is 174 W m~! Kil, and so
tungsten follows aluminum (230 W m~! Kil) in the scale
of metal TC. Molybdenum has a TC close to that of
tungsten. In a sequence of other transitional elements of
IV-VI Groups from chromium to titanium, TC decreases
from approximately 100 to approximately 20 W m~' K™'
(Table 4).

The TC of tungsten carbides is higher than that of other
metal-like (non-covalent) carbides (Table 5).

The wide range of TC values of tungsten monocarbide
given by various sources is probably due to differences in
the structure of the samples investigated: TC increases as
the structure of the material approaches a monocrystalline
state. It is evident that for tungsten the highest TC value of
the monocarbide, WC, is fairly close to the TC of the

Table 3 Contact angle of copper on bulk carbides in a vacuum at
1 x 1072 Pa at 1150 °C [32]

Carbide WwC VC Cr3C, NbC TiC ZxC HfC

0(°) 17 45 50 58 113 128 134

Table 4 Thermal conductivity of carbide-forming metals [33]

Metal W Mo Cr Ta Nb V Zr Hf Ti

JWm 'K 174 138 94 58 54 31 23 23 22

Table 5 Thermal conductivity of carbides of metals [31, 33, 34]

metal. (For some other elements — Zr, Hf, Ti, V—the TC
of their carbides is also on a level with the TC of the
corresponding metals).

In our case, for heat-treated SDB 1085 diamond with a
150 nm coating, the TC of the composite was somewhat
lower than without such heat treatment (Table 1), i.e.
increasing the degree of carbidization of the coating
resulted in a decrease in TC.

It is also possible to conclude that tungsten is preferable
among carbide-forming elements to use as a coating on the
diamond filler for copper matrix infiltration, as tungsten
ensures better wettability and higher TC. On the one hand,
tungsten forms carbide, which is wetted better than the
carbides of other transitional elements. On the other hand,
tungsten’s carbidization rate is lower than that of other
metals (Ti, Zr, Nb, Cr, Mo, and others), due to a lower
coefficient of carbon diffusion in tungsten [31]. In the case
of a copper matrix, the process of infiltration required
heating to a temperature higher than the melting point of
Cu (1084 °C) for a period of several minutes. Partial or
complete carbidization of the thin metal film applied to the
diamond is unavoidable under these conditions.

Tungsten (as well as molybdenum) and copper (or sil-
ver) are practically mutually insoluble and do not form
chemical compounds. During the infiltration of the matrix
metal, therefore, the tungsten coating on the diamond is not
washed out by the melt, elements, which could decrease the
TC of the matrix, do not diffuse from the coating into the
matrix, and a distinct coating/matrix interface is formed.
The solubility of tungsten in copper at 1300 °C is 0.1 ppm
(at.) [35]. The solubility of carbon in copper at 1150 °C is
26 ppm (at.) [36] and obviously does not influence the
production of the composite or its properties [37].

Taking the above into consideration, of all the elements
from which coatings can be formed on diamond, only
tungsten, and probably molybdenum, can be expected to
ensure the possibility of obtaining high TC composites
with a copper or silver matrix by spontaneous infiltration
(without the aid of pressure).

Coating thickness

It is well known that two specific factors influence the
properties of thin films: (1) their continuous or discontin-
uous structure; (2) size effects, i.e. the influence of the
film’s thickness, A, and the size of the grains, L, of which it
consists, on its physical properties (including conductivity).

Carbide wC W,C MoC Mo,C

vC HfC TaC ZrC TiC

CF3C2 NbC

A (Wm™ K™Y 29-121 29-36 24 7-32

25 22 22 21

1721 13-19 14
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Both & and L growth leads to an increase in TC, because
the scattering of heat carriers on the surfaces of the film and
grains reduces. Meanwhile, the upper boundary for the
characteristic sizes of L and &, at which these effects are
observed, is not limited to 100 nm, the standard cut-off
value for allocation of nanostructures [38], and may be
1 pm and more (especially with phonon TC) [39, 40].

No loss of continuity was observed down to a minimum
thickness of & = 6 nm for the coatings we obtained, but
size effects should appear more or less. The mean free path,
1, at a temperature of 300 K is about 100 nm for phonons in
monocrystalline diamond [41] and 42 nm for electrons in
copper [40]; the value of / for bulk tungsten or tungsten
carbide is of the same order. Thus, the mean free path of
heat carriers in the filler (diamond), in the coating on the
filler/matrix interface, and in the matrix is comparable with
the thickness % of the coating (Table 1) and with the size of
the grains of which the coating is composed.

From our experimental data for SDB 1085 diamond and
a copper binder, it follows that, as the coating thickness
decreases down to values less than 50 nm, the coated
diamond ceases to be wetted by the copper, i.e. the wetting
angle increases up to the value of 6 > 90°.

This qualitative result can be compared with measure-
ments of the wetting angle of metal melts on thin metal
films applied onto oxide and carbon substrates [29, 42, 43].
Molybdenum films with a thickness of 5-300 nm were
deposited by vacuum evaporation on quartz SiO,, sapphire
Al,O3, and graphite. The effect of film thickness, /, on the
wetting angle of copper or copper saturated with molyb-
denum was measured at 1150 °C in a high vacuum
(10_3 Pa). The critical film thickness, below which a
decrease of & resulted in the wetting angle, 6, beginning to
increase sharply, i.e. a worsening of the wettability, was
~?20 nm for the graphite substrate and ~40 nm for the
oxide substrates. The observed dependence 60(h) was
explained by a loss of continuity with the decrease in film
thickness (a transition to a discontinuous film structure), as
well as by the accompanying changes in film roughness.

The contact angle of Cu-Ni—-Mn melt on carbon sub-
strates (graphite and diamond) coated with a molybdenum
film up to 250 nm thick was measured at 1050 °C in a
vacuum at 7 x 1073 Pa. The critical film thickness, below
which the wetting angle sharply increased, was about
50 nm, with the wetting angle depending slightly on the
substrate material (the difference in the value of 6 for
diamond and graphite was not more than 10°). Naidich and
others [29, 43] also carried out direct capillary infiltration
of Cu-Ni-Mn alloy into a particle bed of ASK 160/125
synthetic diamond with a molybdenum coating applied by
the diffusion method at 950 °C. Infiltration is reported with
a coating thickness of not less than 70 nm, stable
impregnation taking place where 2 > 150 nm. It should be
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noted that in our case the threshold thickness of tungsten
coating on SDB 1085 35/45 diamond for ensuring pres-
sureless infiltration was lower than these & values.

As regards TC, the decrease in the TC of the composite
with the increase of coating thickness appears quite usual,
since the TC of applied tungsten coatings, whether metal or
carbide, (<170 W m~! K_l), is lower than that of the
diamond filler (~1500 W m~' K™") and of the matrix
(390 W m~" K~! for Cu and 420 W m~' K~ for Ag). For
bulk materials (thick films), the thermal resistance’ of the
layer R is proportional to its thickness: R = h/l, where
is the TC of the layer. Accordingly, the increase in the
thickness of a tungsten coating, which attributed to a
“thick” film, should lead to a decrease in the TC of the
composite. This behavior is observed for a composite
consisting of SDB 1085 diamond and a copper matrix (see
Fig. 7). Thus, the TC falls to 480 W m~' K~' when
h = 470 nm, i.e. with a coating thickness of about 500 nm,
the TC of the composite is reduced to the TC of the matrix.

By contrast, for a composite from AS-160 diamond,
which has been annealed after coating deposition, the
dependence of TC on coating thickness £ is reversed: the
TC rises with & throughout the investigated range of
130-240 nm. For a composite of SDB 1085 with a silver
matrix, samples with coating thickness of 110 and 240 nm
have the same TC within a measurement error (~ 840
W m~! K™, Fig. 7). Obviously the unexpected increase or
constancy observed in TC with the increase in % is con-
nected with size effect, namely the dependence of the TC
of a coating on the size of its grains and its thickness. In
this case the TC of the coating seems to increase with / so
quickly that the thermal resistance of the coating does not
increase, or even decreases, as a result.

Coating roughness

It is difficult to predict the influence of coating roughness
on their wettability by melts. The known Wenzel-Deryagin
equation states:

cos(0) = r cos(6y) (10)

where 0 and 0 are the contact angles of a liquid on smooth
and rough surfaces and r is the roughness coefficient equal
to the ratio of the actual surface area to its projection.
According to (10), roughness improves wetting (6 < ) at
0y < 90° and worsens (0 > 0y) at 0, > 90°. However, as
experimental investigations show, Eq. 10 is not always
fulfilled [29]. It is correct to apply the Wenzel-Deryagin

5 Thermal resistance is determined as ratio ATlq, where AT (K) is
temperature fall, ¢ (W/m?) is heat flow. Inverse to thermal resistance
value G = 1/R is called heat conductance and is measured in
Wm2 K"



J Mater Sci (2011) 46:1424-1438

1435

equation if the drop size is 2—-3 orders of magnitude greater
than the scale of surface heterogeneity [44]. The evaluation
shows that in our case this requirement is fulfilled. For
example, for infiltration into a bed of particles with a size
of ~ 100 um and surface roughness of ~ 100 nm, we have
a ratio R;:d ~0.1 pm:10 pm = 1072 Here d is the char-
acteristic measurement of the space between the particles
in the bed (the equivalent diameter of the narrowest
channels for the flow of liquid), having the order of 1/10 of
the particle diameter D. According to experimental data
[45], the surface roughness of metal tungsten does not
influence the angle of wetting by copper in regions of both
nonwettability (6 > 90°) and wettability (8 < 90°).

The TC of the composite depends on the thermal
resistance of the diamond/coating and coating/matrix
interfaces. The roughness of these interfaces decreases its
effective (related to the area of smooth surface along the
perimeter of particles) thermal resistance due to an increase
of medium contact area. As follows from Fig. 4, for SDB
1085 diamond, the roughness of the coating/matrix inter-
face increases considerably with the growth of coating
thickness, which can partially compensate the increase in
thermal resistance of the coating itself.

Impurities, diffusion

Any impurity decreases the TC of the diamond filler and
the matrix metal.

Elements are ranged according to the decrease of the
influence of the atomic percentage of impurity on the
electro- and thermal conductivity of copper, as follows
[25]: Ti, Fe, S, P, Co, As, Sb, O, ... Oxygen is the most
universal and mobile pollutant. For the content in copper of
up to ~0.05 wt% O, oxygen has a weak influence on the
TC of the copper (the TC decreases by a value of up to
~5W m~ ' K™"). Oxygen is poorly soluble in solid cop-
per, but liquid copper dissolves oxygen and at 1065 °C
eutectic Cu—Cu,O (mass fraction of 3.9% Cu,O or 0.44%
O) forms. The melting temperature for cupric oxide (CuO)
is 1122 °C, while for cuprous oxide (Cu,O) it is 1225 °C
[36]. Oxygen in copper with the content of 0.025 wt% O or
in the form of surface oxide on tungsten significantly
worsens tungsten wetting by copper [45]. Silver in its solid
state hardly dissolves oxygen at all, but in its liquid state,
on the contrary, silver dissolves oxygen well. Tungsten
forms with oxygen a number of oxides with composition
from WO, to WO; [46].

In order to prevent the negative effect of oxygen we
used oxygen-free copper, the process of infiltration was
carried out in a vacuum; applied tungsten coatings were
controlled by X-ray diffraction to ensure tungsten oxides
were not present. The purity of the copper and silver used
was 99.9%, with the content of individual impurity

elements up to 20 ppm (wt.), which meets the requirements
for obtaining composites with a high TC.

In contrast to the matrix metal and the metal-carbide
coating, contamination of the diamond filler with impurities in
the process of coating deposition and melt infiltration is not a
danger. When a coating is deposited or heat treated, carbide
formation takes place, owing to the diffusion of carbon atoms
into the coating (W, W,C), but the reverse diffusion of tung-
sten atoms into diamond is practically non-existent. In prin-
ciple, the process of diffusion deposition of coatings is
accompanied by the appearance of vacancies, micropores or
dislocations in the sub-surface diamond layer [29]. However,
for the coatings we obtained, with thickness of up to
100-250 nm, the influence of diffusion loosening of the dia-
mond on the TC of the material is probably insignificant.

The TC of diamond crystals is mainly determined by the
content of nitrogen impurity in them, and so if the atomic
fraction of nitrogen increases from ~ 10 to ~300 ppm, the
TC of synthetic diamonds decreases from 2000 to
500 W m~" K~! [20]. The effect of catalyst metal impuri-
ties on the TC of diamond is weaker, as they are distributed
mainly in the form of inclusions inside the diamond particles.

Thermal conductivity of the composite

The maximal TCs of the composites we obtained from
monodisperse fillers (diamond volume fraction of ~0.6)
are shown in Table 6.

Comparing these results with the TC of diamond-metal
composites obtained by other methods (infiltration or sin-
tering, including the application of high pressure, above
1 GPa, or moderate pressure, less than 100 MPa, from
Cu—Cr, Cu-B, and Ag-Si alloys [10-15]), and taking into
account the effect of diamond particle size, one may con-
clude that the TC values of the composites we obtained are
among the highest known to date.

Thermal resistance of the coating

Within the model of isolated inclusions imbedded into a
matrix, we use

— the Hasselman—Johnson Eq. 11, deduced in the Max-
well mean field (MMF) scheme [47];

— Equation 12, deduced in the differential effective
medium (DEM) scheme [22].

(2 g1 vt (2B 2
Jon Jom
A= Nm / (11)
(1—f—d+3)vd+(—d+2B+2>
Am Am
_ _p—A -1/3
Loy == (12)
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Table 6 Experlmerﬁi maximal Matrix ~ Diamond Particles mean  Coating thickness ~ A™* G*(Wm 2K

TC of composites A™** and size D (um) i (nm) Wm' K

calculated heat conductance ’ K MMF DEM

G of the diamond-metal

interface Cu SDB 1085 430 110 910 >3 x 107 1 x 10®
AS-160 180 240 770 6 x 107 5 x 107

. . Ag SDB 1085 430 110-240 830-850 4 x 107 3 x 107

* MMF calculation by Eq. 11, . 5
AS-160 180 130 650 2 x 10 2 x 10

DEM by Eq. 12

where A = My, B = 214/(GD); ¢ = A4l[/m(1 + B)]; 2,
Ams> Ads W m~' K~! are the TC of composite, matrix, and
diamond, respectively; vq is the volume fraction of the
diamond; D (m) is the diamond particle diameter;
G(W m~? K_l) is the heat conductance of the filler/matrix
interface.

In using these equations, we take account of the fact that
the coating thickness is far less than the particle diameter
and treat the coating layer together with the diamond/
coating and coating/matrix interfaces as one total interface.

Until recently the Hasselman—Johnson Eq. 11 was the
most popular for calculating interface heat conductivity on
the basis of the experimental TC of diamond-metal com-
posites. However, it was demonstrated by comparative
calculations [22], that the DEM model gives more adequate
values of G for diamond—metal composites than the MMF
approach.

We calculated the heat conductance of the filler—matrix
interface in the diamond—metal composites obtained from
the maximal values of TC achieved (see Table 1), assum-
ing Aqg= 1500 Wm~' K~'. The results are listed in
Table 6. The measured TC of the SDB 1085—Cu com-
posite ™ =910 W m~' K™! is equal to the TC value

calculated by the Maxwell equation (B = 0 in Eq. 11, zero
thermal resistance of the interface). This validates that the
DEM approach is more correct for the evaluation of G.

Comparative data on interface heat conductance in
composites of diamond fillers with metal matrices are
presented in Table 7.

As can be seen, the values we achieved for interface heat
conductance, (2-10) x 10’ W m~2 K_l, in diamond-W—Cu
and diamond-W-Ag composites made from pre-coated
diamonds with tungsten, are close to or higher than those
measured for composites obtained by other methods. It
must be borne in mind that the calculations using the MMF
approach by other authors give overestimated values for G.

Coefficient of thermal expansion

The CTE of 6.9-9.7 ppm/K for the composites we obtained
(Table 1) has an intermediate value, between the corre-
sponding coefficients of the filler and binder materials, and
is close to the CTE of composites of similar composition
obtained by other methods. Thus, at temperatures of
300-600 K, o = 1.0-3.1 ppm/K for diamond, 16.7-18.7
pp/K for copper and 18.9-21.0 ppm/K for silver [25,
28, 33]. A diamond—copper composite without a third

Table 7 Heat conductance, G, of the filler/matrix interface in diamond-metal composites with high thermal conductivity

Composite Method of obtaining Calculation Source
Process® Raw® GWm 2K Model

Diamond/W/Cu I Cu (5-10) x 107 DEM This work

Diamond/W/Ag Ag (2-3) x 107

Diamond/Cu HPS Cu 3.0 x 107 MMF [10]

Diamond/Cr/Cu FS Cu-0.8% Cr 3.5 x 107 MMF [14]

Diamond/Cr/Cu Cu-0.8% Cr 94 x 107 [15]

Diamond/Cu® Cu <1 x 108 [15]

Diamond/Si/Ag GPI Ag-3% Si 6.6 x 107 DEM [13]

Diamond/Al GPI Al 5 x 10’

Diamond/Al GPI Al 1.8 x 10® MMF [7]

* I infiltration, HPS sintering under high pressure, FS fast sintering under pressure, GPI gas pressure assisted infiltration; for more details on

references see “Introduction”

® For alloys, the mass fraction of the carbide-forming addition is specified

¢ Composite with a low thermal conductivity
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component, with a diamond particle size of 40-60 pm and a
diamond volume fraction of 0.60, had a CTE of 9.0 ppm/K
[10].

Conclusions

A method has been developed of obtaining diamond-metal
composites with high thermal conductivity, using a matrix
from metals of the IB Group of Periodic Table, which
includes the following stages: (1) prior deposition of a
single-layered tungsten coating on a diamond powder and
(2) infiltration of a metal melt (Cu, Ag) into a dense bed of
coated diamond particles. For monodisperse filler (vq4
~0.6) of synthetic diamond with an average particle
size of 430 or 180 pum, the composites obtained have a
low porosity and a thermal conductivity of up to
900 W m~— ! K. Meanwhile, in various series of samples,
both a predictable decrease in the TC of the composite with
an increase of the coating thickness, 4, and an unusual
increase (constancy) in TC with increasing 7 were
observed.

The optimal values of coating thickness & for forming
composites with maximal TC are 100-250 nm. This range of
optimal thickness is limited by or close to the threshold
values for 4 below which it is not possible to produce a
composite by pressureless infiltration. The heat conductance
of the filler/matrix interface in these diamond—W-Cu and
diamond-W-Ag composites is (2-10) x 10’ W m2 K~!
according to calculations using the DEM model.

The composite TC and interface heat conductance
achieved are at the level or exceed values known hitherto
for composites with similar diamond fillers, obtained by
other techniques.

Analysis of data on thermal conductivity and wetting
angles for metals and carbides shows that tungsten is the
only element (with the possible exception of molybdenum)
for formation of coatings on diamond to make diamond—
metal composites with a high thermal conductivity by a
spontaneous infiltration.
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