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Abstract: In order to prepare diamond composites with excellent mechanical properties under
non-extreme conditions, in this study, a diamond-ceramic composite was successfully prepared via
reactive spark plasma sintering using a diamond-Ti-Si powder mixture as the raw material. The
microstructures and mechanical properties of the diamond-ceramic composite sintered at different
temperatures were studied. When the sintering temperature was 1500 °C, the diamond—ceramic
composite exhibited a volume density of 3.65 g/cm3, whereas the bending strength and fracture
toughness were high at 366 MPa and 6.17 MPa-m'/?, respectively. In addition, variable-temperature
sintering activated the chemical reaction at a higher temperature, whereas lowering the tempera-
ture prevented excessive graphitisation, which is conducive to optimising the microstructure and
mechanical properties of the composite.
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1. Introduction

Diamond is an allotrope of graphite, and natural diamond is an elemental crystal
formed from carbon under high pressure and temperature deep in the earth. Because the
C—Cbonds in diamond are extremely strong, all the valence electrons form covalent bonds,
leaving no free electrons. Therefore, diamond has an extremely high hardness, making
it the hardest substance in nature, with a Mohs hardness of grade 10 and microhardness
of 10,000 kg/mm? [1,2]. These excellent mechanical properties provide a diamond with
outstanding tribological properties and better wear resistance than those of cemented
carbides and ceramics. Moreover, using diamond as a processing tool not only improves
processing efficiency but also increases precision surface [3]. The application of diamond
tools solves the processing problems of various difficult-to-process materials, thereby
guaranteeing the application and promotion of new tools and materials [4].

The carbon atoms in the diamond lattice structure are bonded via strong covalent
bonds, with no impurities or defects present. Owing to the high sound speed and elastic
modulus, heat transfers quickly through the diamond, resulting in high thermal conduc-
tivity of approximately 2000 W/m-K at room temperature, which is five times that of
Cu (400 W/m:-K). Therefore, in addition to its use in processing tools, diamond is often
combined with metals for thermal management in electronic components [5,6].

In these applications, diamonds are often prepared as diamond-metal composites [7-9].
However, these composites deteriorate rapidly at high temperatures. To address this issue,
diamond-ceramic composites are being developed [10-13]. Typically, the preparation of
diamond-ceramic composite requires extreme conditions [14]. For example, Jaworska et al.
fabricated diamond-ceramic layers in diamond-stable conditions at a high pressure and
temperature of 8 GPa and 1800 °C [15], respectively. Lai et al. prepared B4C—diamond
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ceramics with high toughness via high-pressure sintering at 5 GPa and 1600 °C [16]. Previ-
ous studies have shown that under oxygen-free conditions, diamonds tend to graphitise at
750 °C [17]. However, the extremely high pressures involved in these studies inhibited the
graphitisation of diamond, which would have caused the rapid deterioration of its proper-
ties. Additionally, because of the rapid heating rate of spark plasma sintering, diamond
graphitisation was suppressed to a certain extent [18]. To further weaken the influence
of diamond graphitisation on the properties of the composites, carbide-forming elements
such as Si, Ti, and B are added to the diamond. These elements react with C to form SiC,
TiC, and B4C, which possess high hardness and are chemically bonded to diamond, thus
effectively holding the diamond particles [19,20].

As shown in Figure 1, the Gibbs free energy of the reaction of Ti with C is significantly
more negative than that of B or Si with C, indicating that Ti reacts more readily with C
than B or Si. Therefore, Ti can play the role of consuming graphite. Although the reaction
between B and C is as difficult as that between Si and C, Si has a high melting point of
1410 °C, and its liquid phase sintering significantly promotes densification [21]. Taking the
above factors into consideration, in order to achieve the preparation of diamond composites
with excellent mechanical properties under non-extreme conditions, Ti and Si were selected
as absorbents to adsorb the products of diamond graphitisation and combined with spark
plasma sintering to fabricate diamond-ceramic composites.
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Figure 1. Gibbs free energy of the reaction of B/Si/Ti with C.

2. Experimental Procedure

Commercially available diamond (purity = 99%, 800 mesh, Fandeng Industry and
Trade Co., Ltd., Yongkang, China), Ti (purity = 99.99%, >300 mesh, Shanghai Aladdin
Biochemical Technology Co., Ltd., Shanghai, China), and Si powders (purity = 99.9%,
1-3 pm, Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China) were used
as raw materials.

Figure 2 shows the SEM images and corresponding XRD patterns of the diamond, Ti,
and Si powders. As shown in Figure 2A,C, the powder particle sizes of diamond and Ti are
larger than those of Si. The average size of the diamond particles was approximately 20 um,
and the size distribution was uniform. Ti powder exhibited a larger average particle size;
however, its size distribution was not uniform. The large Ti particles were 50 pm, whereas
the smaller Ti particles were <10 um. Furthermore, as shown in Figure 2E, the size of the Si
particles was small. In addition, no impurity peaks were observed in the XRD patterns of
the diamond, Ti, and Si powders (Figure 2B,D,F), confirming their high purity.
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Figure 2. SEM images and corresponding XRD patterns of the raw materials: (A,B) diamond; (C,D) Ti;
and (E,F) Si.

The diamond, Ti, and Si powders were weighed in a 4:3:3 mass ratio and placed in a
250 mL polyethylene jar. After injecting anhydrous ethanol into the jar, the mixture was
milled using a planet mill (QXQM-2, Changsha Tianchuang Powder Technology Co., Ltd.,
Changsha, China) at 200 rpm for 2 h. The collected slurry was separated using a rotary
evaporator (R206B, Shanghai SENCO Technology Co., Ltd., Shanghai, China) and then
dried in a vacuum drying chamber (DZF-6020, Shanghai Jinghong Laboratory Instrument
Co., Ltd., Shanghai, China) for 24 h to remove residual ethanol. The as-received powder
mixture was sieved through a 100-mesh sieve to minimise agglomeration. Subsequently,
the powder was placed in a graphite die with an internal diameter of 50 mm and sintered
in a spark plasma sintering furnace (D60, FCT Systeme GmbH, Rauenstein, Germany). As
shown in Figure 3, four different sintering processes were designed: first, the temperature
was increased from room temperature to 400 °C in 5 min and further to 1500 °C, 1550 °C,
and 1600 °C at a speed of 100 °C/min, each held for 10 min. In another experiment, after
the sintering temperature rose to 1600 °C, it dropped to 1550 °C within 10 min. Sintering
was performed in an Ar atmosphere, and the axial pressure was maintained at 50 MPa.
The samples prepared at the sintering temperatures of 1500 °C, 1550 °C, 1600 °C, and
1600—1550 °C are denoted as 51, S2, S3, and 54, respectively.

1800

1600 -

1400 -

1200 |-

1000 -

800 |-

600 [

400 |-

Sintering temperature (°C)

200 -

(IR

30

Time (min)
Figure 3. Variation in sintering temperature with time.

After sintering, the surfaces of the samples were levelled using a precision grinder
(ACC-63DX, Okamoto Machinery Co., Ltd., Tokyo, Japan) and then cut into bars. Density
was measured using the Archimedes method, and mechanical properties were tested using
a ceramic testing system (CMT6503, Jinan Meitesi Testing Technology Co., Ltd., Jinan,
China). The bending strength was measured via the three-point bending test on bars



Ceramics 2024, 7

1393

sized 3 mm x 4 mm X 36 mm with a span of 30 mm and a loading rate of 0.5 mm/min.
The fracture toughness was evaluated via the single-edge notched beam test on the
2.5 mm X 5 mm X 25 mm bars with a span of 20 mm and a loading rate of 0.05 mm/min.
The final average values were determined using five bars. The phase components and mi-
crostructures were investigated using X-ray diffraction (XRD; PANalytical Empyrean,
Einhorn, the Netherlands), scanning electron microscopy (SEM; Hitachi 3400, Tokyo,
Japan), and field-emission scanning electron microscopy (FESEM; Hitachi/Regulus 8230,
Tokyo, Japan) combined with energy-dispersive spectroscopy (EDS; Oxford /UltimMax
170, Oxford, UK). The Gibbs free energy of the reaction was evaluated using the chemical
thermodynamics simulation software HSC Chemistry 6 (H: enthalpy, S: entropy, and C:
heat capacity).

3. Results and Discussion

As shown in Figure 4, the size of large particles in the powder mixture after ball milling
was around 20 um, while Ti particles with a size close to 50 um had disappeared. After ball
milling, the diamond particles were preserved well because of their great hardness, and the
Ti particles were effectively refined, which was considered to be beneficial to the process of
reaction sintering.

Figure 4. SEM image of diamond-Ti-Si powder mixture milled at 200 rpm for 2 h.

Figure 5 shows the XRD patterns of S1, S2, 53, and S4. Ti and Si disappeared from
the spectra. The diamond peak intensity decreased gradually with increasing sintering
temperatures, indicating increased diamond graphitisation. Simultaneously, the amounts of
the main reaction products, SiC and TiC, increased. This is because, as the sintering temper-
ature increased, both the carbon source (graphite) and the reaction-driving force increased
simultaneously. As shown in Figure 5A, the intermediate product, TiB,, existed only at
sintering temperatures below 1500 °C. At 1550 °C, the XRD peak of TiSi; enhanced, and a
new product, TizSiCy, appeared. Increasing the sintering temperature further enhanced the
crystallinity and the diffraction peak intensity of TiSi,. Because diamond graphitisation
was increased at higher temperatures, C reacted with TiSi, to form Ti3SiC;. When the
temperature rose to 1600 °C, the content and crystallinity of TizSiCp were further increased.
At this point, the diffraction peak of TiSi, disappeared, and in the presence of sufficient
graphite, all the TiSi, was transformed into Ti3SiC; according to Equation (1).

2TiC + TiSiy 4+ C — TizSiC, + SiC 1)
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Figure 5. XRD patterns of diamond—ceramic composites sintered at different temperatures, (A) 1500 °C,
(B) 1550 °C, (C) 1600 °C and (D) 1600—1550 °C.

Equation (1) also explains the synchronous increase in the XRD peak intensity of SiC in
Figure 5C. As shown in Figure 5D, the temperature during the sintering of 54 dropped from
1600 °C to 1550 °C at a constant rate, and the average temperature of the whole process
was <1600 °C. Consequently, more TiC was retained, resulting in a higher diffraction peak
intensity for TiC than that for SiC in Figure 5C. Notably, only a weak graphite characteristic
peak was observed in Figure 5B. Although diamond graphitises more easily at higher
sintering temperatures, reaction (1) is easier to carry out, thus consuming more graphite.
When the sintering temperature was 1600 °C, the composite was composed of diamond, SiC,
TiC and Ti35SiCy, and the semi-quantitative ratio analysis showed the phase composition
was 21.4 wt%Diamond-39.8 wt%SiC-24.1 wt%TiC-14.7 wt%TizSiC,.

Figure 6A shows a backscattered electron scanning image of the fracture surface.
The black regions with the highest carbon concentration correspond to diamond grains.
The grey-black regions with the highest Si concentration and a moderate C concentration
correspond to SiC grains. The grey-white regions representing the highest Ti concentration
with some Si or C elements correspond to TiC or TiSi, grains.

As shown in Table 1, the volume densities of the diamond—ceramic composites grad-
ually decreased with increasing sintering temperatures. The phase differences between
51,52, S3, and 54 prepared at four different sintering temperatures were mainly caused
by reaction (1). The parameters of the reactants and products of this reaction are listed in
Table 2. Evidently, the volume density of the reactants was 4.60 g/cm3, which is higher
than that of the products (4.21 g/ cmd).

Table 1. Volume density of diamond-ceramic composites sintered at different temperatures.

Samples §1(1500 °C)  S2 (1550 °C) $3 (1600 °C) S4 (1600—1550 °C)

Volume density

(g/cm3) 3.647 3.604 3.555 3.596
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Figure 6. Element distribution of the diamond—ceramic composite sintered at 1500 °C: (A) backscat-
tered electron image, (B) C, (C) Si, (D) Ti.

Table 2. Properties of the reactants and products in reaction (1).

Reactants Products
Matter 2TiC TiSip C TizSiC, SiC
Relative atomic mass 119.76 104.05 12.01 195.72 41
Density/(g/cm) 493 4.39 3.52 4.53 32
4.60 421

Figure 7 shows the fracture surfaces of the diamond—-ceramic composites. The sam-
ples prepared at different sintering temperatures exhibited a high degree of densification.
However, some holes with larger dimensions were observed, as indicated by the yellow
arrows. Compared to the results in Figure 2A, these holes were only slightly smaller than
the raw diamond particles. This implies that these holes were caused by the elimination of
the diamond particles. Moreover, Figure 7 shows that the number of holes on the fracture
surface increased with increasing sintering temperature. At high temperatures, diamond
transformed into graphite, which possessed a weak interlayer binding force. Therefore,
after the outer layer of the diamond graphitised, the diamond particles were easily removed
when the material fractured. The graphitisation rate of diamond increased with increasing
sintering temperature, and because the graphite could not react with Ti or Si over time,
the pull-out phenomenon of diamond particles increased. Although no graphite phase
was detected in the XRD patterns, it can be inferred that a small amount of graphite was
present in these samples. This is also why the volume density of the sample decreased with
increasing sintering temperature.

As shown in Figure 8A, the fracture toughness of the diamond—ceramic composites de-
creased with increasing sintering temperature. The fracture surfaces in Figure 7 reveal that
the fracture mode of the diamond—ceramic composite was a combination of transgranular
and intergranular fractures. Intergranular fractures contributed to the toughening of crack
deflection [22]. Crack deflection mainly occurred around the diamond phase because the
thermal expansion coefficients of the diamond and ceramic phases differed significantly,
and an interface with a weak bonding force was formed after diamond graphitisation. The
prolonged cracks caused by crack deflection consumed more fracture energy, resulting
in increased fracture toughness [23]. The degree of crack deflection depends on the size
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of the diamond particles, and the energy consumed per unit length of the crack depends
on the interface bonding strength. With increasing sintering temperature, the degree of
graphitisation of the diamond increased, thus decreasing the diamond size and weaken-
ing the interface bonding. Consequently, the fracture toughness of the diamond-ceramic
composite was reduced.

Figure 7. SEM images of diamond-ceramic composites sintered at different temperatures, (A) 1500 °C,
(B) 1550 °C, (C) 1600 °C and (D) 1600—1550 °C.

6.0

5.7

% 380 |
= 360
2
=
S 340
=
o
&
w
{ waf /
=
m 300 -
1 1 Il 1 280 Il 'l 1 1
S1 S2 S3 S4 S1 S2 S3 S4
Sample Sample

Figure 8. Fracture toughness (A) and bending strength (B) of diamond—ceramic composites sintered
at different temperatures.

As shown in Figure 8B, the bending strength was the lowest when the sintering
temperature was 1550 °C. At this temperature, although the graphitisation of the diamond
was low, its size was only slightly reduced; however, graphite was not consumed in time,
resulting in an extremely weakened diamond interface. This resulted in larger defects that
cause crack initiation in S2, resulting in easy failure under load [24]. When the sintering
temperature rose to 1600 °C, the size of the diamond was further reduced, and graphite
was consumed by reaction (1), resulting in a slightly higher bending strength of S3 than
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that of S2. In summary, when the sintering temperature was 1500 °C, the bending strength
and fracture toughness reached 366 MPa and 6.17 MPa-m!/ 2 respectively. Therefore, the
optimal sintering temperature is 1500 °C. As shown in Table 3, the mechanical properties
of this work are superior to those of the same types of materials.

Table 3. Bending strength and fracture toughness of diamond-ceramic composites.

Bending Strength Fracture Toughness

Sample (MPa) (MPa-m12) Ref.
Diamond-SiC-TiC 366 6.17 This work
Diamond-SiC 248 4.65 [25]
SiC-Diamond 400 4.5 [26]
Diamond-SiC 287 5.0 [27]
Diamond-SiC 237 —_— [28]
Diamond-SiC 378 4.0 [29]

Compared with XRD, Raman spectroscopy is more sensitive in detecting graphite.
Therefore, Raman spectroscopy was performed to characterise the reaction product ac-
cumulation area around the diamond. As shown in Figure 9, the characteristic peaks at
796 cm~! and 970 cm~! correspond to SiC, and the characteristic peak of graphite was
observed at 1524 cm ™! [30]. Although the average temperature of S4 was higher than that
of S2, the higher initial temperature activated reaction (1), resulting in higher graphite
consumption and a weaker characteristic peak strength of graphite in 54 than that in 52.
Consequently, the diamonds in S4 had smaller sizes and stronger interfacial bonds. This
unique variable-temperature sintering results in a higher bending strength of S4 than that
of 52 and S3.
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Figure 9. Raman spectra of diamond-ceramic composites sintered at different temperatures.

Figure 10A,B show the line-scan images of the diamond—ceramic composite. The grey-
white, grey-black, and black regions correspond to TizSiCy, SiC, and diamond, respectively.
Figure 10C shows an enlarged image of Line 1 (yellow line), and the structure of the
above regions can be determined after analysis in combination with Figure 10D. As shown
in Section I of Figure 10C, Ti, Si, and C were present simultaneously with their stable
contents, confirming that this region was TizSiC;,. In Section II, Ti disappeared, the Si
content increased, and the Si and C contents were relatively stable, indicating the region as
SiC. Section III contained only Si and C elements; however, their contents were unstable,
indicating that a part of this region was graphite and the other part was a solid solution
formed after Si elements were diffused into the diamond. The remaining area contained
only C with a stable content, indicating a stable structure of diamond. Complex structures
around diamonds were formed by a combination of diffusion, phase transitions, and
chemical reactions.
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Figure 10. Line-scan element distribution images of the diamond—ceramic composite sintered
at 1500 °C, (A) SEM image, (B) BSE image, (C) enlarged view of the line sweep area and
(D) element content.

4. Conclusions

Diamond-SiC composites are generally prepared by Si infiltration or HTHP (high
temperature high pressure). The above methods easily cause Si residue and have strict
requirements for the equipment. In this study, the silicon residue in the composite was
eliminated by introducing Ti, which reacted more easily with graphite. In addition, the
conductivity of the composite was improved, which was conductive to improving the
machinability. The following conclusions were drawn:

(1) Through the absorption of graphite by Ti and Si, the liquid phase provided by Si, and
spark plasma sintering, diamond—ceramic composites were successfully prepared
under conventional conditions.

(2) Characteristic of variable-temperature sintering, the chemical reaction was activated
at a higher temperature, and then the sintering temperature was reduced to prevent
excessive graphitisation. This method is particularly suitable for preparing diamond-
ceramic composites and has certain research value.
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