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Abstract

Ordinary diamond presents the disadvantages of poor self-sharpening and concentrated grinding stress
when it is used as an abrasive. Moreover, this kind of diamond cannot be well wetted by the vitrified bond,
resulting in a lower holding force of the binder to the abrasives (i.e., the diamond is easy to detach from
the binder matrix during grinding). These comprehensive factors not only reduce the surface quality of
the processed workpiece, but also hinder the processing efficiency. In order to solve these problems, a
new type of porous diamond with high self-sharpening properties was prepared using a thermochemical
corrosion method in this study. Our results showed a great improvement in pore volume and specific
surface area of the porous diamond compared with ordinary diamond abrasive particles, and the holding
force and wettability of vitrified bond to the porous diamond abrasive particles were also improved.
Compared with ordinary diamond abrasive tools, porous diamond abrasive tools showed a 29.6%
increase in grinding efficiency, a 15.5% decreased in grinding ratio, a 27.5% reduction in workpiece
surface roughness, and the scratches on the silicon wafer surface were reduced and refined.

1. Introduction

The advantages of diamonds include high wear resistance, high thermal conductivity and high hardness.
They are often mixed with vitrified bonds to prepare abrasive tools for grinding hard brittle materials such
as glass, ceramics, gemstones, stone and hard alloys [1-4]. With the advancement of science, the
grinding of silicon wafers and other new materials now demand higher quality, higher precision and
higher efficiency [5-7]. Due to the small size of ordinary diamonds, it is usually necessary to use a binder
to combine them together to produce grinding tools with a certain size, shape and strength [8]. However,
the smooth diamond surface is chemically inert, and the bonding strength between diamonds and
vitrified bonds is very low. The diamonds easily detach during grinding and the effective utilization rate of
diamonds is very low, which greatly reduces the service life of abrasive tools [9, 10]. Moreover, ordinary
diamonds often expose only one large cutting edge after being prepared into abrasive tool, and the self-
sharpening property of diamonds is poor. During precision machining, the grinding stress of ordinary
diamonds is concentrated, and the surface of the workpiece is severely scratched, which greatly reduces
the grinding accuracy of the grinding tool [11-13].

In order to increase holding force of binder on diamonds and improve the self-sharpening property of
diamonds, many researchers have carried out in-depth studies. The studies have shown that some
coatings (Ti, Cr, TiO,, V,05 etc.) chemically bonded with diamonds, which increased the wettability of the
binder to the diamonds and improved the holding force of the binder on the diamonds [8, 14-16]. Some
researchers have carried out metal catalytic hydrogenation corrosion and oxygen plasma corrosion
studies on diamond surfaces, resulting in micro patterns (pits and bulges) on the diamond surfaces,
which effectively increased the holding force of the binder on the diamonds [17, 18]. The above methods
do improve the holding force of the binder on diamonds, but they do not change the self-sharpening
property of diamonds and the machining efficiency has not been improved. Impressively, large size single
particle porous diamonds were prepared on seed diamonds that were mixed with a micron/submicron-
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scale diamond powders and metal catalyst powders when combined using high-pressure and high-
temperature techniques [19]. This method produced a new type of diamond with a porous skeleton
structure, which improved the self-sharpening property of the diamond. However, the synthesis conditions
of this method were relatively high (at 5.5 Gpa and 1260°C).

In view of the above problems, if foam-like porous diamond can be prepared, it will be beneficial for
improving the holding force of the binder on diamonds. Compared with the coarse cutting-edge of
ordinary diamonds, there are numerous small cutting edges on surface of the porous diamonds, which
can disperse grinding stress and refine grinding lines. Under relatively lower pressure, porous diamonds
can produce new cutting edges via local crushing, thus stabilizing and maintaining the high-efficiency
and high-quality machining of the tool.

In this study, Fe/Fe,05 was used to corrode diamonds at 950°C, and the porous diamonds were prepared
after corrosion and acid pickling (our published research [20]). The conditions required for synthetic
production of porous diamonds are relatively simple, and industrial production of the single particle
porous diamonds is possible following our study. We have carried out an in-depth and detailed
investigation on the diamond with porous structure. The morphology of the diamonds after corrosion
was analyzed by SEM (scanning electron microscope). The particle size, pore volume and specific
surface area of the diamonds before and after corrosion treatment were analyzed by laser particle size
analyzer and BET (Brunauer-Emmett-Teller). The wettability of vitrified bonds to diamonds was analyzed
by SEM (scanning electron microscope), wetting angle, XPS (X-ray photoelectron spectroscopy), zeta
potential and EDS (Energy dispersive spectroscopy). The properties of vitrified bonds/diamonds
composites were analyzed by porosity, density, bending strength and hardness. The grinding performance
of the grinding tool was analyzed by comparing the surface roughness of silicon wafers before and after
grinding. The grinding mechanism of the grinding tool was analyzed by comparing the SEM images of
the grinding tool surface before and after grinding. Up till now, there has not been any research studies
performed on the bonding properties of vitrified bonds with porous diamonds nor on the grinding
performance of porous diamond abrasive tools. Our study provides new ideas for the application of the
innovative high-performance porous diamond abrasive tools.

2. Materials And Methods
2.1. Materials

The ordinary diamonds (ds,: 45.26 pm) were purchased from Huanghe whirlwind company, China. Fe
powders (grain size 1-2 pm) and Fe,05 powders (grain size 1-2 pm) were obtained from Changsha
Guoguang cemented carbide Co., Ltd., China. Concentrated nitric acid, concentrated hydrochloric acid,
Si0,, H3BOg, Al, 04, Li,CO3, Na,CO4, MO, ZrSi0, and dextrin (all analytical purity) were from Sinopharm
Chemical Reagent Co., Ltd. Diamond film (deposited on Si wafer by CVD, film size: 30mm x 30mm x
Tmm) was obtained from Hebei Pressman Diamond Technology Co., Ltd., China. Silicon wafers were
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obtained from Guangzhou Guifeng Electronic Technology Co., Ltd., China (surface roughness of 2.58
pm).

2.2. Experiments
2.2.1. Preparation of the porous diamonds

The synthetic diamond powders, Fe powders, and Fe,0; powders were mixed with a ball mill at a mass
ratio of 1:3:3 under the protection of argon at one atmospheric pressure. The uniformly mixed powders
were pressed into a block at 30MPa, placed in a high temperature resistant corundum crucible, and then
put into a tube furnace. Under the protection of argon at one atmospheric pressure, the sample was
heated to 950°C (the heating rate: 5°C/min). After holding at 950°C for 4 h in the furnace, the tube furnace
was switched off and the sample was allowed to cool in the furnace. During the cooling process, argon
gas protection was maintained in the furnace.

After heat treatment, samples were acid washed with aqua regia for 1 h to remove the residual Fe and
Fe,05. Then, the powders were washed by deionized water until neutralized. The powders were dried and

the porous diamonds were obtained.

The porous diamond film was prepared by uniformly spreading the corrosive agent on the diamond film.
Thermochemical corrosion and pickling were carried out with the same process that was used to prepare
the above-mentioned porous diamond particles.

2.2.2. Preparation of diamond abrasive tools

The basic binder was consisted of Al,05-B,03-Mg0-Zr0,-Si0,-Na,0-Li,0. The corresponding chemicals
are uniformly mixed at a certain proportion and put in high temperature resistant corundum crucible,
heated in a muffle furnace to 1300 °C for 2 hours, and then quenched with water. The broken pieces of
binder were ball milled, dried and passed through a 200-mesh sieve to obtain binder powders.

The diamonds, vitrified bonds, and dextrins were uniformly mixed according to the mass fraction ratio of
81:16:3. Then they were pressed into molds to form a 30mmx6mmx6mm sample strip and a ¢
2Tmmx6mm cylinder (molding pressure 60MPa, pressure holding time 3min). Next, the samples were
heated to 670°C (the heating rate: 3°C/min) and held for 1.5h to obtain the vitrified bond/diamond
composite samples.

2.2.3. Monocrystalline silicon wafer grinding experiment

A VG401MK type ultra-precision grinding machine (Okamoto, Japan) was used to grind monocrystalline
silicon. The grinding disc used in the grinding test was made of two kinds of diamonds (ordinary
diamonds and porous diamonds). The grinding test piece was a ¢ 200mm x 725um monocrystalline
silicon wafer, the grinding disc speed was 1000r/min, the silicon wafer speed was 120r/min, and the feed
rate was 50pm/min.

2.3. Characterization
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SEM was used to observe the microscopic morphology of the diamond particles before and after
corrosion, the bonding morphology between binder and diamond particle, the surface of the silicon wafer
after grinding, and the surface of the abrasive tool after grinding (model: QUANTA-200, FEI Company of
The Netherlands). The element distribution at the interface between binder and diamond was analyzed by
energy dispersive spectroscopy (EDS) (model: Genesis 2000, EDAX, USA). A laser particle size analyzer
was used to measure diamond grain size (model: SCF-106, OMEC Instruments Co., Ltd., China). The zeta
potential of diamond surface is measured by Zeta potential analyzer (model: SurPASS Zeta, Antpedia,
Austria). The Brunauer-Emmett-Teller (BET) instrument was used to analyse the pore volume and specific
surface area of diamonds (model: 3H-2000PS1, Beijing BSD Instrument Technology Co., Ltd., China). The
wetting angle of the binder on the diamond film was measured by a high temperature contact angle tester
(model: Theta Flex HPC, Biolin, Finland). The XPS was used to characterize the chemical bonding state of
C elements on the surface of the ordinary diamonds and porous diamonds (model: K-Alpha, Thermo
Scientific, American). A Rockwell hardness tester was used to measure the hardness of the vitrified
bond/diamond composites (model: HR-150D T, Shanghai Shangcai testing machine Co., Ltd., China). An
electronic universal testing machine (model: WDW-1, Shanghai Songdun Instruments Manufacturing Co.,
Ltd., China) was used to detect the three-point bending strength of the sintered body of the vitrified
bond/diamond composites. The density and porosity of the vitrified bond/diamond composites were
analyzed by the Archimedes drainage method. A white light interferometer (model: NewView 7100, ZYGO,
USA) was used to measure the surface roughness of the silicon wafer.

3. Results And Discussion

3.1. Micro morphology, particle size, pore volume and specific surface area of the ordinary diamonds and
porous diamonds

The surfaces of the ordinary diamonds are angular, smooth and without obvious defects (Fig. 1a). There
are numerous of micro and nano cutting edges and holes on the surfaces of the porous diamonds (Fig.
1b, ¢). In addition, the grain size of diamonds was reduced after corrosion treatment, and the pore volume
and specific surface area were greatly increased (Table 1), which was conducive to increasing the contact
area between the binder and the porous diamonds, thereby increasing the holding force of the binder to
the diamonds. The porous skeleton structure can significantly improve the self-sharpening property of the
abrasives.

Table.1. Diamond particle size, specific surface area, and pore volume.
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Test items Diamond size Diamond specific surface Diamond pore
dsp area volume

The ordinary 45.26 pm 0.187 m?/g 0.000 ml/g

diamond

The porous diamond ~ 38.69 ym 4.435 m?/g 0.145ml/g

3.2. Analysis of the bonding performance between the
vitrified bonds and diamonds

3.2.1. The wettability of the vitrified bond to diamonds

A small amount of diamonds were scattered on the surface of the binder block, and then heated to
sintering temperature to observe the wetting status between the binder and diamonds. The interface
between the binder and the ordinary diamond was relatively straight and clear, and the ordinary diamond
particle was exposed on vitrified bond matrix (Fig. 2a). The results showed that vitrified bond has poor
wettability to the ordinary diamonds. Under the interfacial tension between the molten binder and the
porous diamond abrasive, the binder climb onto the abrasive and the porous diamond was almost
entirely submerged in the binder (Fig. 2b). The wettability of the binder to the porous diamond improved
significantly.

3.2.2. Wetting angle of the vitrified bond to diamonds

Since it is difficult to accurately and directly measure the contact angle between the binder and the
diamond, a relatively equivalent replacement was used to measure the contact angle between the binder
and the diamond film at the sintering temperature [8]. The surface morphology of the porous diamond
film is shown in Fig. 3. The results showed that the wetting angle of binder to the ordinary diamond film
was 64°, and the wetting angle of the binder to the porous diamond film was 29 °, which was an
approximately 35 ° reduction (Fig. 4).

3.2.3. EDS at the interface between the diamonds and the
vitrified bond

The element distribution of the cross section of the vitrified bond/diamond composite was analyzed. The
results showed that Zr, Al, Mg and Na elements were significantly enriched at the interface between the
porous diamonds and the binder (Fig. 5a). However, the Zr, Al, Mg and Na elements were weakly enriched
at the interface between the ordinary diamonds and the binder (Fig. 5b).

3.2.4. XPS analysis of C element on the diamond surface

In order to further analyze the reasons for the improvement in wettability between the binder and the
porous diamonds, the C hybrid orbital states at the surface of the ordinary diamonds and porous
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diamonds were studied by XPS.

Figure 6a shows the XPS spectra of the ordinary diamonds. The C 1s peak is located at 284.8 eV. The
spectral line shape of the ordinary diamond indicates that it is composed of several components. The
spectra were thus curve-fitted into two components with a Gaussian line shape. The binding energy of
284.7 eV was attributed to the sp? carbon bands and the binding energy of 285.2 eV was attributed to the
sp? carbon bands [17, 21, 22].

Figure 6b shows the XPS spectra of the porous diamonds prepared in our experiment. The C 1s
photoemission spectra revealed that significant structural changes occurred after corrosion, which was
correlated with an significant increase of the sp? carbon bands in the C 1s XPS spectra. This was likely
because the corrosive agent caused lattice distortion of C on the diamond surface to produce a layer of
diamond-like carbon [23-26]. Diamond like carbon (DLC) is a metastable material formed by the
combination of SP3 and SP? bonds.

3.2.5. Zeta potential of diamond surface

There were a few SP? C atom bondings on the surface of the ordinary diamonds [27-29]. There were
more SP? C atom bondings on the surface of the porous diamonds. The C atom of the SP? hybrid orbital
formed C=C, and the C=C had one o bond and one 1t bond. The m bond tended to bond with electrons
from other atoms, making the diamond surface electronegative [30—32]. Therefore, the electronegativity
of the porous diamond surface was stronger than that of the ordinary diamond surface (Fig. 7). The
positively charged ions (Zr**, AI**, Mg?* and Na*) can diffuse to the negatively charged diamond surface
due to their large number of positive charges, resulting in the enrichment of the positively charged ions on
the diamond surface. The surface of the porous diamonds had higher electronegativity, thus the ability to
attract the positively charged ions was enhanced and the wettability of the binder to the porous
diamonds was improved.

Due to the large number of holes in the surface of the porous diamonds, the vitrified bond infiltrated into
the porous diamonds under capillary action, which also enhanced the wettability of the binder to the
porous diamonds. In summary, the wettability of the binder to the porous diamonds was improved
through two ways (Fig. 8): 1. The capillary force generated by the pores [33]; 2. Enrichment of the
positively charged ions on the surface of the porous diamonds .

3.3. Performance characterization of vitrified
bond/diamond composites

3.3.1. Porosity, density, hardness and bending strength of
composites
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Compared with the vitrified bond/ordinary diamond composites, the hardness of the vitrified bond/porous
diamond composites increased by about 22%, the bending strength decreased, the porosity increased,
and the density decreased (Table 2). For the diamond abrasive tools, the hardness of the sintered
complex is an important index that can measure the holding force of the binder on the diamonds. The
hardness of the composite indicates that the diamond abrasives will not easily detach from the vitrified
bond under the load of the indenter. The higher the hardness, the harder it is for the diamonds to detach
from the vitrified bond matrix, and the higher the holding force of the binder on the abrasives. The porous
diamonds have larger surface area and higher surface energy, which is beneficial for improving the
wettability of the binder to the diamond abrasives. On the one hand, porous diamonds can enhance the
mechanical holding force of the binder through their own foam holes. On the other hand, the chemical
adsorption of the positively charged ions on the surface of porous diamond can enhance the chemical
holding force of the binder. Therefore, the hardness of vitrified bond/porous diamond composite material
can be increased.

Table.2. The vitrified bond/diamond composite porosity, density, Hardness, and bending strength.

Test items Porosity  Density Hardness Bendin
strengt

The vitrified bond/ordinary diamond 20% 2.23 90 HRB 93 Mpa

composite g/cm3

The vitrified bond/porous diamond 28% 2.01 1M0HRB 85 Mpa

composite g/cmd

3.3.2. SEM of fracture of the vitrified bond/porous diamond
composites

With the same proportion of binder and the same sintering temperature, the porosity of the vitrified
bond/porous diamond composite was greater than that of the vitrified bond/ordinary diamond composite
(Table 2). This was because during the sintering process of the vitrified bond/ordinary diamond
composite, the molten binder only filled the pores between the diamond abrasives. However, in the
sintering process of the vitrified bond/porous diamond composite, the melted binder at high temperature
first filled the gaps between the porous diamond abrasives, and then some of the binder flowed into the
pores of the porous diamond. As a result, the shrinkage of the samples was small during the sintering
process. Compared with the vitrified bond/ordinary diamond composites, the pore size and distribution of
the vitrified bond/porous diamond composites were relatively uniform (Fig. 9a, b). During the grinding
process, the pores mainly played a role in increasing chip holding capacity and reducing the grinding
temperature. Proper porosity can also effectively inhibit crack propagation and improve the grinding
efficiency, impact strength and service life of abrasive tools [34]. For the composite test strips, the
porosity had a greater influence on the bending strength of the material, and the bending strength of the
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vitrified bond/porous diamond composite was lower than that of the vitrified bond/ordinary diamond
composite.

3.4. Diamond abrasive tools grinding test

3.4.1. Surface morphology and roughness of silicon wafer
after grinding

There were no large and deep scratches on the surface of the silicon wafer after grinding with the porous
diamond abrasive tool. The consistency of the surface processing was improved (Fig. 10a, 11a), and the
surface roughness Ra was 0.316um. Large and deep scratches appeared on the surface of the silicon
wafer after grinding with the ordinary diamond abrasive tool. The consistency of the surface processing
was poor (Fig. 10b, 11b), and the surface roughness was 0.436um.

Porous diamonds have a higher number of cutting edges than ordinary diamonds. In the grinding
process, micro-edge cutting and micro-edge fragmentation will occur in porous diamonds, which helps to
achieve self-sharpening in porous diamonds through local crushing. Porous diamond abrasive tools have
more cutting edges per unit area. The more nicks per unit area that can be processed, the better the
contour of the nicks and the smaller the surface roughness of the workpiece.

3.4.2. SEM of diamond grinding tool surface after grinding

There were many pits on the surface of the ordinary diamond grinding tools after grinding (Fig. 12a, b),
which were caused by insufficient holding force of the binder to the ordinary diamonds. The detached
diamonds easily scratched the surface of the machined workpiece. The surface of the porous diamond
tools after grinding was smooth without pits (Fig. 12c, d), which indicates that the particles did not
detach in their entirety during the grinding process due to the high holding force of the binder on the
porous diamonds. The diamonds all failed in a broken off manner. The results show that the binder has a
higher holding force on porous diamonds, and the porous diamond tool has better shape retention.

3.4.3. Grinding performance and grinding mechanism of
diamond grinding tools

Compared with ordinary diamond abrasives, the grinding efficiency of porous diamond abrasives
increased by 29.6% and the grinding ratio decreased by 15.5% (Table 3). There was a large difference
between the cutting edges of the ordinary diamonds and porous diamonds. The ordinary diamond
abrasive particles had large single cutting edges, whereas the porous diamond abrasives had micro-and
nano-scale multi-cutting edges. For porous diamonds, the size of their cutting edges became smaller, the
number of the cutting edges increased, the grinding heat and stress were dispersed, the cutting depth of
the edges was reduced, the cutting damage was effectively reduced and the surface processing quality
was improved. The embedding effect of the binder into the porous diamonds allowed the abrasive
particles to stay attached in the surface of abrasive tool. When grinding pressure was applied, the outer
cutting edges of the porous diamonds were worn away, then new cutting edges were exposed to continue

Page 10/17



grinding. Porous diamond abrasive particles were broken locally layer by layer, rather than the disorderly
breaking of ordinary diamond abrasive particles or detaching from the binder matrix (Fig. 13). Porous
diamond abrasives have higher self-sharpness, and the utilization rate and grinding efficiency of porous
diamond are better than ordinary diamonds. However, as the strength of porous diamond particles
decreases, the durability and grinding ratio of porous diamond tools will also decrease.

Table.3. Grinding performance of diamond abrasive tools

Test items Grinding Grinding Silicon wafer surface
efficiency ratio Ra

The ordinary diamond abrasive 2.7 g/h 7.23 0.436 pm

tool

The porous diamond abrasive tool 3.5g/h 6.11 0.316 um

4. Conclusions

A method for preparing single grain porous diamonds was developed by using Fe/Fe,05 in
thermochemical corrosion process. XPS indicated that some SP? hybrid C atoms were generated on the
surface of the porous diamonds after corrosion. SEM, EDS, wettability angle and Zeta potential indicated
that the porous framework and the enrichment of Zr**, AI3*, Mg?* and Na* on the surface of the porous
diamonds can significantly improve the wettability of the binder to the porous diamonds, and thus
improve the holding force of the binder on the porous diamonds. Grinding experiments showed that the
porous diamonds had a high self-sharpening property. Compared with ordinary diamond abrasive tools,
porous diamond abrasive tools showed a 29.6% increase in grinding efficiency, a 15.5% decreased in
grinding ratio, a 27.5% reduction in workpiece surface roughness. The micro-edge cutting and micro-edge
breaking of porous diamonds significantly improved the grinding efficiency and precision, which greatly
improved the surface quality of the machined workpiece.
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Figures

Figure 1

SEM of diamonds before and after corrosion: (a) ordinary diamond, (b) porous diamonds, (c) partial
enlarged view of (b).

Figure 2

The bonding morphology between the vitrified bond and the diamond particle: (a) ordinary diamond, (b)
porous diamond.
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Figure 3

SEM of porous diamond film.
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Figure 4

The wetting angle of the vitrified bond on the diamond film: (a) ordinary diamond, (b) porous diamond.

Figure 5

The element distribution at the interface between the vitrified bond and the diamond: (a) porous diamond,
(b) ordinary diamond.

Figure 6

XPS of C elements on the diamond: (a) ordinary diamond, (b) porous diamond.

Figure 7

Zeta potential on diamond surface.

Figure 8

Mechanism of interfacial wettability.

Figure 9

Fracture surface micrograph of vitrified bond/diamond: (a) porous diamond, (b) ordinary diamond.
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Figure 10

Micrograph of silicon wafer after grinding: (a) silicon wafer ground by porous diamond abrasive tool, (b)
silicon wafer ground by ordinary diamond abrasive tool.

Figure 11

Three-dimensional contour of (a) silicon wafer ground by porous diamond abrasive tool, (b) silicon wafer
ground by ordinary diamond abrasive tool.

Figure 12

The surface morphology of the diamond abrasive tools after grinding: (a) ordinary diamond abrasive tool
(low magnification), (b) ordinary diamond abrasive tool (high magnification), (c) porous diamond
abrasive tool (low magnification), (c) porous diamond abrasive tool (high magnification).

Figure 13

The grinding mechanism of the diamond abrasive tools.
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