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Abstract
Efforts have been made to manufacture novel composite materials with
improved properties by incorporating multi-wall carbon nanotubes (MWNTs)
into metal or brittle ceramic. Here we prepared dense MWNT/diamond/silicon
carbide (SiC) composites under high-pressure and high-temperature (HPHT)
conditions by anchoring MWNTs into a diamond/SiC matrix. The measured
mechanical properties indicate that the composites have both superior hardness
and enhanced fracture toughness. Moreover, we have undertaken an x-
ray diffraction line-broadening analysis to elucidate how the microstructures
including domain sizes and micro-strains depend on the externally applied
temperature and how the microstructures correlate to the macroproperties of
the as-fabricated composites.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

For many decades, diamond composites, e.g. diamond–SiC composites, have been
commercially used in making mining tools, drill bits, and other such items, because of
their extreme hardness and excellent wear resistance [1–3]. However, although many
manufacturing approaches have been developed to synthesize diamond composites, the low
fracture toughness and high brittleness unfortunately greatly restrict their practical application
in harsh environments. Long-term efforts have been made to enhance the fracture toughness by
reducing the grain sizes of matrix materials from microsize to nanoscale [4–8]. Zhao et al [9]
showed experimental evidence that reduction of the average size of SiC crystallites from tens
of microns down to about 20 nm increased the fracture toughness of diamond/SiC composites.
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Table 1. Mechanical properties of specimens. Uncertainty of the results is indicated by values in
parentheses.

〈x〉vol (nm)

Samples
Sintering
temperature (K) Diamond SiC

Density
(g cm−3)

Vickers hardness
HV (GPa)

Fracture toughness
KIC (MPa m1/2)

C1 1570 269(24) — 2.283 11(2) —
C2 1770 332(24) 118(11) 2.488 24(1) 4.0(2)
C3 1920 314(48) 167(18) 3.123 43(5) 8.8(2)
C4 2070 299(32) 225(19) 3.226 42(3) 8.6(1)

After the discovery of carbon nanotubes, their extraordinary mechanical properties, such
as Young’s modulus as high as 1 TPa [10, 11] and high strain to failure, substantially
attracted attention from all of the related scientific and industrial fields. Carbon nanotubes
open a promising window to improve and tailor the mechanical properties of materials for
specific uses. Carbon nanotubes have been embedded into ceramic, e.g. SiC [12, 13] and
alumina [14], to improve the damage tolerance of microcrack initiation and propagation, thus
enhancing the fracture toughness of the whole material. The experimental results verified
that carbon nanotubes, either single-wall or multi-wall phases, are an ideal reinforcement for
ceramic composites [12–14]. In a previous investigation [12], SiC/MWNT composites were
successfully synthesized from precursors of MWNTs and nano-silicon under HPHT conditions.
The measured values showed a distinct improvement in fracture toughness; however, the
relatively lower hardness does not fully satisfy the requirements for potential use in structural
applications.

In this current study, MWNT/diamond/SiC composites were synthesized from precursors
of diamond, silicon (Si), and MWNTs under high pressure and varied temperatures. The
diamond grains embedded into the MWNT skeleton were responsible for the hardness
enhancement in comparison with previously synthesized SiC/MWNT composites. On the
other hand, MWNTs combined with SiC, which serves as a bonding agent to form strong
adhesion between diamond and MWNTs, can reinforce the composites with respect to the
fracture toughness. Therefore the novel nanostructured composites are expected to possess
both high hardness and enhanced fracture toughness.

2. Experimental details

2.1. Sample preparation

Four samples, C1 to C4 as listed in table 1, were fabricated under 5 GPa and various
temperatures from a mixture of diamond powders with grain size of 5–10 μm (General Electric
Co.), Si powders with a grain size distribution of 30–70 nm, and MWNTs with outer layer
diameter from 10 to 30 nm. Both silicon and MWNTs were purchased from Nanostructured
and Amorphous Materials Inc., NM. The initial mixtures of diamond, silicon, and MWNTs
with a weight ratio of 78:17:5 were prepared using ultrasonic wet dispersion for 2 h and then
by applying mechanical rolling mixing for 72 h.

Sintering experiments were run in a toroidal anvil cell using a 250 ton hydraulic press.
Diamond/Si/MWNT mixtures were packed inside a cylindrical graphite heater placed inside the
high-pressure cell. The pressure was measured directly by a pressure gauge with a precision of
about 0.1 GPa and the temperature was measured by a thermocouple placed inside the specimen
with accuracy better than 25 K. The experiments were performed according to the following
protocol. The pressure was raised to 5 GPa at room temperature. Then the temperature was
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increased to the desired value of 2070 K at a rate of 200 K s−1. The samples were kept at that
final temperature for 30 s, after which the temperature was decreased to room temperature and
the pressure was released.

2.2. Sample characterization

The x-ray diffraction (XRD) technique was used to identify the phase composition and
investigate the microstructure of the specimens. X-ray diffraction patterns were recorded with a
Philips diffractometer with Cu Kα1 radiation (λ = 1.540 56 Å), operated at 35 kV and 30 mA.
The measurement range of 2θ was from 20◦ to 110◦, and the exposure time was 3 s at each step
of 0.02◦. To determine and remove the effects of instrumental broadening, a large Si crystal
with minimal line broadening supplied by the diffractometer manufacturer was measured to
create an instrument calibration file which was used to normalize the observed diffraction line
profiles. This procedure was developed by Howard and Snyder [15].

The Vickers hardness and fracture toughness measurements were performed on a Buehler
Micromet 2003 tester. We made five measurements on each sample and then took the average
values as the final results. Under a loading force of 9.8 N, no cracks emerged at the corners of
the indentation marks. The fracture toughness was tested with a larger loading force of 147 N.

2.3. Procedure for evaluation of the x-ray diffraction profiles

X-ray diffraction line-broadening analysis is becoming progressively more popular for
microstructure determination. There are a variety of methods developed to realize this goal,
such as the integral–breadth method, Fourier methods, and so on. To date, it is generally
believed that a Voigt-function approximation for both size-broadening and strain-broadening
profiles is a better model to reliably extract the pertinent information of domain sizes and
microstrains from the refined profile width parameters of an x-ray diffraction pattern. Balzar
and co-workers [16–20] have made significant contributions toward making this technique
friendly and convenient by editing the SLH software which was used in present investigation.
By refining the physical broadening of the diffraction profiles of the specimens, individual size
and distortion integral breadths of Cauchy (βSC and βDC) and Gauss (βSG and βDG) components
were obtained, and based on these values the surface- and volume-weighted domain sizes are
directly expressed by the following equations:

〈D〉s = 1

2βSC
(1)

〈D〉v = exp(k2)

βSG
erfc(k) (2)

where k = βSC/(π1/2βSG) is the characteristic integral–breadth ratio of a Voigt function and
erfc(k) is the error function complement. As well, the microstrains in crystals can be calculated
from the average distance L perpendicular to the diffracting planes and parameters βDC and
βDG:

〈ε2(L)〉 = 1

s2
0

(
β2

DG

2π
+ βDC

π2

1

L

)
. (3)

3. Results

Figure 1 shows the XRD patterns of initial mixtures and composites C1 and C2. The diamond
phase appears in every pattern, and the intensities of the diamond peaks do not change very
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Figure 1. X-ray diffraction patterns: (a) initial
mixture; (b) sample sintered at 5 GPa and
1570 K, C1; (c) sample sintered at 5 GPa and
2070 K, C4.

much with temperature. Owing to the small amount of SiC produced in C1, only a tiny
hump exists at the reflection position of SiC(111), but the SiC yield increases with temperature
elevation. Another phenomenon worth noting is that MWNTs are detected in all specimens,
and we do not observe any graphite or amorphous carbon from the x-ray spectra.

The peak widths of diamond and SiC phases in composites demonstrate a reverse trend
which can be determined by contrasting figures 3 and 4. Additionally, figure 5 compares
the variation of SiC(111) reflections at different temperatures. The diamond precursor has
very small peak widths, and then with increasing temperature, the diamond peaks become
broadened. In contrast, all of the peaks of the SiC phases are narrower at high temperatures.
We also noted unsymmetrical band shapes and smaller shoulders in the SiC diffractograms.

All of the XRD spectra were refined by the double-Voigt multiple-line integral–breadth
method. As an example, the fit for the composites formed at 1920 K is shown in figure 2. The
tiny differences between measured data and fitted values indicate that the applied simulation
methods are accurate and reliable. Based on the profile refinements, the domain sizes and
microstrains of diamond and SiC phases have been derived, and the results are depicted in
figure 6 and table 1.

The domain sizes of diamond decrease with increasing temperature, but they do not change
significantly. However, in the case of SiC phases, the crystallites grow rapidly with elevating
temperature. For example, at the highest temperature the diamond domain size decreases by
less than 20%, whereas the SiC domain size increases by more than 90%. The microstrain of
diamond increases continuously with temperature up to 1920 K and then abruptly drops. As
expected, we observe the continuous reduction in magnitude of remaining strain in SiC over
the entire scope of the study temperatures. We calculated the domain size and microstrain of
the initial diamond. The microstrain of the initial diamond has been plotted in figure 6. Here
we provide the domain size of initial diamond, 369 (26) nm, which was not listed in table 1.
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Figure 2. Whole powder pattern
fitting and difference plot for
sample C4. Line profiles are
refined with the Voigt function.
The inset shows the enlarged
fitted plot of the high-angle
region.

Figure 3. Williamson–Hall plot
for diamond phases in samples
C1, C2, C3, and C4.

Because the amount of the SiC phase in sample C1 is too small to give an accurate result, we
did not consider it in the microstructure analysis.

Data on hardness, fracture toughness, and density are listed in table 1. The table shows that
all the measured hardnesses, fracture toughnesses, and densities increase with the temperature.
For the samples synthesized at temperatures 1920 and 2070 K, there is very little difference
between them.
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Figure 4. Williamson–Hall plot for
SiC phases in samples C2, C3, and
C4.

Figure 5. The (111) line profiles
of the SiC phases produced at
different temperatures.

4. Discussions and summary

Since diamond crystals are broken into smaller size crystallites and additionally some carbon
atoms react with silicon, they become smaller under HPHT compared to the original ones. The
plausible explanation may exist in the intense plastic deformation of diamond during heating
at high pressure [21]. Although some diamond grains sintered together and formed aggregated
polycrystallites, this happened only in a smaller number of diamond crystals. For SiC growth,
as expected at higher temperatures, atoms of carbon and Si possess more kinetic energy and
participate in a reaction which leads to high SiC yield. These phenomena have been confirmed
by XRD spectra.

The small shoulder on the lower portion of the (111) peak is due to stacking faults formed
during SiC formation under HPHT conditions. In the case of diamond, a large fraction of
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Figure 6. Plot of microstrain in diamond and SiC versus temperature. The computations of
microstrains in phases of diamond and SiC were performed on the distance L in the range 12–
1600 Å.

the defects is expected to be concentrated at the contact points between two crystals, and
the mobility of dislocations becomes intense with increasing temperature [21]. At higher
temperatures, some dislocations may migrate into the interior of the crystal, and new defects
would grow near the crystal contacting surfaces. Consequently, the population of dislocations
increases with temperature. At the highest temperature (2070 K), since the dislocations and
vacancies in the surface layer of diamond are almost completely consumed by the carbon–
silicon reaction, the dislocations in diamond are annihilated. For SiC phases produced at higher
temperature, the decrease in dislocation density and the growth of crystals result in smaller peak
widths, but here we cannot define accurately which effect contributes most to this phenomenon.

A higher specimen density indicates that at higher temperatures silicon fills more pores or
voids between diamond crystals to form denser composites. Moreover, the high temperature
would excite Si and C atoms and expedite the reaction between them. Although the mechanism
of reaction between MWNTs and Si under HPHT conditions is not clearly understood, based
on the x-ray spectra, it is reasonable to presume that the reactions start from the defects on the
surface of MWNTs and continue until they are completely covered by thick SiC layers which
block the further diffusion of Si and C atoms. These processes produce a specific structure
of MWNTs coated by SiC in which the outer layers of the MWNTs transform into SiC but
the inner part of the MWNTs are still left intact. Besides the reaction taking place between
MWNTs and Si, Si also reacts with diamond, but it requires more activation energy [22]. The
SiC produced from reactions of Si with MWNTs and diamond could act as a good adhesive
agent to bond MWNTs and diamond particles together and eventually form a dense and
strong composite. Higher temperatures, leading to stronger Si–C bonds and better MWNT/SiC
networks, are a persuasive explanation for the super-mechanical properties generated at higher
temperature.

The intimate contact among MWNTs, diamond and SiC makes it possible to transfer
the load to the carbon nanotubes and prevent the further propagation of cracks. Also, the
superior elasticity of carbon nanotubes ingrained in the composites could work as damping to
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absorb vibration energy and reduce the intensity of externally applied shock waves. The high
Young’s modulus of carbon nanotubes alone with the mobility reduction of cracks results in an
improvement in fracture toughness of the composites.

Compared to MWNT/SiC composites, the improvement in hardness of the
MWNT/diamond/SiC composites was not at the expense of fracture toughness. The measured
values of mechanical properties show that, using MWNT/SiC composites as a reference, the
hardness of MWNT/diamond/SiC is enhanced as much as 60%, whereas the fracture toughness
is still kept at a similar level. The enhancement of hardness is attributed to the involvement of
diamond in composite synthesis.

In summary, our study demonstrates that carbon nanotubes are a promising candidate to
manufacture nanostructured diamond composites with advanced properties. One thing we may
mention here is that both composites of MWNT/diamond/SiC and MWNT/SiC were fabricated
at pressures of 5 GPa, lower than that of the usual diamond composite synthesis conditions.
More homogeneously dispersing carbon nanotubes within the starting materials may help to
make the reaction conditions more attainable, e.g., the use of lower pressure and temperature.
This is because the uniform distribution of carbon nanotubes is instrumental in forming an
effective network structure in the composites.
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