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bstract

he infiltration of fine-grained diamond preforms by molten silicon is limited by the blocking of the pores as a result of the volume increase during
he reaction of diamond with SiC. Therefore in the present paper the infiltration of preforms made with diamond powders with different grain sizes

as investigated. The preforms were prepared using phenolic resin as a binder. With increasing resin content the pore size increases, but the pore
olume decreases. As a result the infiltration depth increases strongly for medium resin content. For the fine-grained ∼1.5 �m diamond preforms,
maximum infiltration depth of 2.5 mm is obtained at 10% resin, whereas at 5% resin only 1.25 mm could be infiltrated.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

Diamond is the hardest material known to man. Because of
his, it finds extensive industrial application where ultra-hard

aterial properties are needed. Due to its high hardness, it is
ifficult to make diamond tools of different shapes and sizes
urely from cutting and shaping diamond. This has led to the
evelopment of diamond composite materials which consist of
mall diamond grains either sintered together through a liquid
hase sintering process, or held together in a matrix by a binder
hase material. The former process gives rise to the class of
olycrystalline diamond materials (PCD), while the latter results
n a number of composite materials, of which the foremost is that
f SiC–diamond composites. The introduction of the second
hase improves the formability and the fracture toughness of
uch diamond-based materials.1
Metallic phases such as cobalt are present in PCD and are
ommonly used as liquid phase sintering aids in the production
f that material. These metals however were found to catalyze
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he graphitization of diamond thus limiting the application tem-
eratures of these PCD materials to below 1000 ◦C.1 Silicon
arbide has been found to be exceptionally good as a diamond
inder phase. Because of the structural similarities between dia-
ond and silicon carbide, a strong bond forms between them2

esulting in a material with a very strong adhesion between the
iamond grains and the SiC matrix. Silicon carbide does not
eact with diamond and the composite material can be used at
emperatures above 1000 ◦C. Application temperature is limited
y the melting temperature of silicon if some unreacted silicon
s present in the final product.

SiC is commonly formed in situ from a reaction between
iamond and/or amorphous carbon or graphite with silicon. The
ilicon can be introduced into the diamond preforms in differ-
nt ways, either by infiltrating molten silicon into a diamond
reform or by reaction sintering silicon powder and diamond
owder.3–5

The main production route of these composites includes the
se of high-pressure and high-temperature in order to achieve
intering within the regions of diamond stability.6 Use of high
ressures however restricts the range of applications of these

aterials due to high cost of production and the limited range of

ossible sizes and shapes of the products made. Some attempts5

ave been made to produce this composite material under con-
itions of low pressure (i.e. in the diamond metastable region).
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Table 1
The mean particle size of the three diamond grades used in the experiments

Diamond grade Mean particle size (�m)

D (v, 0.5) D (v, 0.9)

D2 1.51 2.46
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9 9.02 16.42
17 16.82 22.38

ot isostatic pressing (HIP) method was employed at a max-
mum pressure applied of 20 MPa. A product more than 90%
ense was obtained. It is of great importance to note that for the
eaction sintering route, if the reaction proceeds under low pres-
ure conditions, voids are produced within the body because of
he volume reduction occurring during the reaction.7

The advantage of infiltration as stated by Qian et al.2 is that
he liquid phase keeps filling the pores in the diamond skeleton
nd hence a more dense material is produced. Infiltration can
lso be successfully performed at low pressures giving a dense
roduct.

Infiltration on the other hand has been successful under low
ressure conditions only for large grained diamond preforms
7–63 �m grain size).3,4 It should be noted that in these mate-
ials a wide grain size distribution was used. Even under high
ressure (7.7 GPa, 1400–2000 ◦C), Ekimov et al.8 could infil-
rate diamond powder with primary grain size of ∼10 nm but
econdary particle (agglomerate) size of ∼1 �m only up to an
nfiltration depth of 2 mm.

Therefore, the aim of this study is to investigate the infiltration
f diamond by silicon using minimal pressure, and to analyze
he limitations accompanying the infiltration of small diamond
rain size performs.

. Experimental

.1. Preform preparation

Preforms were produced using three different diamond pow-

ers, labeled D2, D9 and D17 (Element Six (Pty) Ltd). The
haracteristics of these powders are given in Table 1. The com-
osition of the diamond preforms was modified by the addition
f phenolic resin (Plyophen 602N; Fa. PRP Resin). This com-

t
c
T
t

able 2
summary of the infiltration results of the preforms containing different amounts of

ample Diamond
powder

Resin content
(wt%)

Weight loss
during pyrolysis
(%)

Green density
(after pyrolysis)
(g/cm3)

2PR05 D2 5 1.86 ± 0.03 1.82
2PR10 10 4.11 ± 0.01 1.80
2PR20 20 8.73 ± 0.07 1.79
9PR05 D9 5 2.00 ± 0.02 1.84
9PR10 10 4.10 ± 0.02 1.78
9PR20 20 9.00 ± 0.03 1.71
17PR05 D17 5 2.2 ± 0.2 1.97
17Pr10 10 2.17

a Fully infiltrated.
n Ceramic Society 28 (2008) 321–326

onent was necessary for the formation of the preform during
ressing. It acts as a lubricant and a binder. Resin concentrations
f 5, 10 and 20 wt% were investigated. The composition and
ames of the samples are given in Table 2. For the preparation
f the preforms phenolic resin was dissolved in acetone (34.3 g/l)
nd mixed with the diamond powder. This suspension was stirred
ontinuously while kept in a water bath at 70–80 ◦C to evaporate
ff the acetone. The resulting powder is agglomerated, the degree
f agglomeration increasing with increasing resin content and
ecreasing diamond particle size. The agglomerated powder is
rushed and screened using a −325 mesh screen. The screened
owder is pressed into a green compact of 18 mm diameter and
mm height under 60 MPa of pressure for about 5 s.

The green compacts were heat treated at 120 ◦C for 18 h to
ure the resin in air. They were then weighed and the resin pyrol-
sed under argon by heating at a rate of 2 ◦C/min up to 450 ◦C
ollowed by 10 ◦C/min up to 750 ◦C where a dwelling time of
0 min was undergone. Cooling to room temperature was carried
ut at a rate of 10 ◦C/min.

The preforms’ green density and porosity were determined
fter pyrolysis. The green densities were calculated from the
ass and volumes of the preforms while the porosity and the pore

ize distributions were determined using a mercury porosimeter
Quantachrome Poremaster - 60). Raman spectra were acquired
ith a Jobin-Yvon T64000 Raman spectrometer operating in a

ingle spectrograph mode with an 1800 lines/mm grating. These
easurements were performed in order to determine the unifor-
ity of the resin coating. For each sample a line 1000 �m in

ength and consisting of 100 points was mapped in the central
egion of the sample using a motorized XY stage.

.2. Infiltration

An excess amount of silicon powder (1–20 �m Goodfellow)
as cold pressed into an 18 mm diameter tablet. This tablet is

hen placed in an hBN-coated graphite pot (Fig. 1). The diamond
reform is placed on top of this Si tablet. Three SiC pieces
f 2 mm × 2 mm × 3 mm size are used to separate these two

ablets so that no reaction in the solid state, during heating up,
an take place. An hBN-coated graphite piston covers the pot.
he set-up was heated up at 50 ◦C/min to 1500 ◦C at which

emperature it dwelled for 30 min. Cooling was achieved at a rate

resin

Porosity
(%)

Mean pore
diameter
(�m)

Infiltration
height (�m)

Phase composition (vol%)

Diamond SiC Si

40 0.47 1250 0
29 0.59 2500 0
11 0.77 17 36 64 0
38 2.7 2000 46 51 3
29 4.9 5000a 53 47 0
15 8.8 97 0
25 5,7 5000a 52 40 8
30.2 6.8 5000a
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Fig. 1. The set-up for the infiltration experiments.

f 20 ◦C/min. Pressure (20 MPa) is applied onto the piston after
he temperature exceeds that at which silicon melts (1420 ◦C) to
ring the preform and the melt into contact so that infiltration
an commence. It is then released when the temperature reaches
300 ◦C during cooling.

The products of the infiltration were cross-sectioned. The
ross-sections were polished using resin bonded diamond

heels with 1 �m diamond at 3000 rpm before characterization
ith SEM and XRD.
The phase composition of the infiltrated materials was deter-

ined by quantitative image analysis using Image Tool3.

b
b
R
t

ig. 2. SEM micrographs of diamond powders D2 and D9 showing the effect of co
urfaces of the green compacts before pyrolysis, and (e) and (f) fracture surfaces of th
ig. 3. The average ratio of G-band intensity to diamond Raman peak intensity
or the D2 and D9 diamond with initial 5 and 20% resin after their pyrolysis.

. Results

.1. Preforms

SEM micrographs of two of the diamond powders used and
he powders mixed with the resin are shown in Fig. 2. It can

e inferred that the resin coated the diamond homogeneously
oth before and after pyrolysis. This was confirmed also by the
aman spectroscopy measurements. Fig. 3 indicates that both

he materials produced from D2 and D9 which initially had 20%

ating the diamond. (a) and (b) is powder before coating, (c) and (d) fracture
e preforms before infiltration.
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Fig. 4. (a) The pore size distribution in D2 diamond preforms containing 5%,

F
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esin have thicker graphitic carbon layers than their 5% coun-
erparts. The main graphitic carbon G-band gave fairly constant
eak intensity in all samples for all the mapped points, indicating
airly uniform coverage by the resin.

The pore size distribution determined by Hg-porosimetry is
iven in Fig. 4 for the preforms prepared from diamond powder
2 and D9. In Table 2 the green densities and mean pore channel
iameter are given. An increase in the resin content increases the
verage pore diameter while decreasing the pore volume. The
ecrease of the pore volume is more pronounced for the smaller
iamond grain sizes. Nevertheless, the overall green density is
early constant.

.2. Infiltration results

The results of the infiltration experiments for the different
reforms are given in Table 2. The micrographs in Fig. 5 show the
ross-sections of infiltrated samples. The infiltration depth for
he different materials is clearly visible. Increasing the amount of
he resin in the preforms up to 10 wt% improves the infiltration of
he green compacts for the materials produced from the low grain
izes diamonds, e.g. for the material D2Pr05 with 5% resin the
nfiltration depth was only 1250 �m and increases up to 2500 �m
or the material with 10 wt% resin (D2Pr10).

The SEM micrographs of the polished sections (Fig. 6)
learly indicate that the infiltrated areas are completely free of
ores and with a high concentration of diamond. This could be
onfirmed by XRD. While in the coarse grained product the
resence of free silicon is obvious (the white phase), this is

ot detectable for the materials with the medium and fine dia-
ond powders, where one can only see the black diamond phase

nd the grey SiC phase. The amount of diamond determined by
mage analysis could be slightly overestimated.

10% and 20% resin. (b) The pore size distribution in D9 diamond preforms
containing 5%, 10% and 20% resin.

ig. 5. SEM micrographs showing the infiltration depths of (a) D2 (i) 5% resin, (ii) 10% resin and (iii) 20 % resin, and (b) D9 (5% resin), after infiltration at 1500 ◦C
or 30 min.
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Fig. 6. Typical backscattered SEM micrographs of polished cross-sections of (a) D17 (5% resin), (b) D9 (10% resin) (c) D2 (10% resin), after infiltration at 1500 ◦C
f is dia
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or 30 min. (d) The same as (c) but with higher magnification. The black phase

. Discussion

As was shown previously9 diamond is well wetted by liq-
id silicon at temperatures higher than 1450 ◦C. Therefore a
ressureless infiltration would be possible.

The infiltration is hindered by the formation of SiC surface
ayers on the diamond, which can block the pore channels and
educe the infiltration depth. Additionally, the silicon will react
ith the added phenolic resign. The investigations of the reac-

ion of liquid silicon with CVD-diamonds, glassy carbon and
raphite has shown,9–11 that the reaction in all cases results in a
ery fast formation of protective SiC-layers with similar thick-
ess. The reaction is faster for less crystalline carbon sources.
n the infiltrated samples no residual non-diamond carbon was
bserved. This indicates that the resin converts preferentially
nto SiC.

The fast reaction of the carbon with liquid silicon results in
locking of the pore channels and is also the reason why infiltra-
ion experiments so far were successful only with preforms made
f diamonds having large pore sizes.3–4 The reaction of silicon
ith diamond or other carbon sources is further enhanced by the

trong exothermic character of the interaction of silicon with car-
on. This results in a pronounced heat up of the system10 and
n acceleration of the reaction resulting in premature blocking
f the pores.

The pyrolysed resin in the sample strongly changes the
icrostructure of preforms. It increases the pore channel diame-

er, e.g. by a factor of 1.5 times for D2Pr samples and by a factor
f 3 for the samples with the medium grain size (D9).

Unfortunately at the constant pressure used for the prepara-
ion of the preforms the pore volume decreases with increasing

esin content, i.e. pores between the diamond particles are filled
y the pyrolysed resin. The reduction of the pore volume is more
ronounced for the low grain size diamond composites (nearly
0%) whereas the change for the samples made with D9 powder
mond, the white (where present) is free silicon and the grey phase is SiC.

t is only 38%. This reduction can be reduced by decreasing the
ressure during compaction of the preform.

Small amounts of resin (5 wt%) are needed to make the press-
ng of the diamond powder possible. Without the presence of
esin no pressed samples could be prepared. The resin coats
he diamond particles (Fig. 2). This coating plastically deforms
uring pressing and glues the diamond particles together. With
ncreasing resin content the resin will begin to fill the pores
f the preform, during the pressing process, starting with the
maller ones. Therefore only the larger pores will remain and
he overall porosity will be reduced. If the diamond particles
ad a constant packing density in the green body and the resin
lls only the pores then the green density had to be increased with

ncreasing resin content. In the investigated samples the density
educes slightly with the increasing resin content. This indicates
hat the distance between the diamond particles increases with
ncreasing resin content.

To some extend the pore structure in the high resin content
aterials can be related also to the structure of the granulates

rior to the pressing of the preform. However no inhomogene-
ty of the diamond, Si and SiC distribution was found after
nfiltration (Fig. 6).

This changed pore structure with increasing resin content will
nfluence infiltration in the following ways:

The increase of the pore channel radius will improve the
infiltration. Therefore for preforms with up to 10 wt% resin
content a strong increase in the infiltration depth was
observed.
The reduction of the overall porosity by deposition of the
resin between the diamond particles will reduce the infiltration

depth due to the possibility of blocking the pores. The volume
increase during the reaction of diamond with liquid silicon is
much larger than for the reaction of amorphous carbon or
graphite with silicon. Therefore, the reaction of the resin with
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liquid silicon will result in the blocking of the pores to a
lesser extend. This will reduce the influence of the reduction
in porosity. It was shown, that carbon preforms with overall
densities less than 0.9 g/cm3 can be fully converted into SiC.12

Therefore, the resin themselves with a density of less than
1 g/cm3 can be converted completely. Therefore, the medium
resin content improves the infiltration and only high resin
content decrease the infiltration due to the lower porosity.
Therefore the reduction of the porosity has only a decisive
influence on the infiltration at higher resin content (20%).

The study of the interaction of diamond with molten silicon
as shown that after the onset of the interaction, a SiC layer of
–10 �m thickness is formed very quickly on the surface of the
iamond particles. The thickness of the layer is controlled by the
ensity of the nuclei formed. If the amount of nuclei is large the
hickness of the layer directly formed would be lower9 and infil-
ration would be possible to a higher infiltration depth. A similar
ffect could be caused by the faster reaction of the pyrolysed
esin, which would help improve the infiltration additionally.
or the material D22Pr5 after 30 min infiltration the thickness
f the SiC-layers formed on the diamonds can be estimated to
e in the range of 2–5 �m (Fig. 6a). This value is less than what
as observed in model experiment with CVD-diamond plates.9

The resin has the additional effect that a smaller amount of
iamond is converted to SiC. Therefore high amounts of dia-
ond were observed in our samples after infiltration.
The large grained products contain some free silicon due to

heir large pores in the preforms. The Si, which remains after
ormation of the dense SiC layer around the diamond, reacts only
ery slowly because this reaction is controlled by the diffusion
hrough the SiC-layer.9,11 The medium and fine grained products
ave no detectable free silicon in them which is in agreement
ith this explanation.

. Conclusion

The investigation of the infiltration of diamond preforms pro-
uced from mixtures of phenolic resin and diamond of different
rain sizes from 1.5 to 17 �m can be summarized as follows:
1) The addition of the resin allows a simple shaping of pre-
forms.

2) Increasing the amount of resin causes pronounced increases
of the pore channel diameter and reduces the amount of

[1
n Ceramic Society 28 (2008) 321–326

porosity at similar green densities, because the resin fills
partially the space in between the skeleton formed by the
diamond particles.

3) Despite the fact that the overall porosity is reduced by adding
the resin, the infiltration depth increases by a factor of two
for the D2Pr10 in comparison to the D2Pr05. Similar effects
were found for the samples with coarser grain size (D9Pr10).

4) For a larger resin content the infiltration depth decreases
again strongly due to the much lower pore volume.
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