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processes of diamond grinding wheels for use in precise/ultraprecise grinding. A grinding wheel was designed in
3D with pro/E, and the data transformation to the stereo-lithography format was carried out. The fabrication of
the diamond grinding wheel was achieved with Ni-Cr alloy and diamond by 3D printing and sintering layer by
layer. Scanning Electron Microscopy (SEM), Energy Dispersive Spectrometry (EDS) and X-ray diffraction (XRD)
were employed to characterize the grains and the micro-structures between the substrate and the Ni-Cr alloy
in the diamond grinding wheel, suggesting the infiltration mechanism of Ni-Cr towards the diamond and steel
substrate. Finally, the grinding performance was evaluated with an experiment. It was shown that the abrasion
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of the diamond grinding grains was normal, and no grains fell off the wheel.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

With the development of high-speed and precise grinding, ceramic
and resin binding grinding wheels have been unable to meet the re-
quirements of modern production in the past several years. Therefore,
the demand for diamond grinding wheels is becoming higher and
higher [1-3]. Metal-binding grinding wheels have been widely applied
to ceramic, optical glass, hard alloy and other materials, but with
challenging preparation, due to their excellent performance in holding
force, binding, abrasion, molding, life span, and grinding press bearing
together with high precision and efficiency [4-8].

For current diamond grinding tools, the distribution of diamond
grains in the metal matrix is random with segregation and aggregation.
This has caused the grinding artifacts to have poor surface morphol-
ogies, low grinding efficiency, and short lives. In the diamond-
abundant regions, the concentration of grinding grains is higher so
that the grinding is weak and easily blocked, lowering the grinding
efficiency, while in the diamond rare region, the concentration of grind-
ing grains is low so that the grains are not involved in the grinding,
which leads to the fracture and dropping of the grinding wheel caused
by the overload and higher impact forces. The problems caused by un-
even distribution of diamond grains cannot be ignored because of the
vicious cycle they create [7,8]. Previous studies have reported regular
distribution of grains using different methods and shown that regular
distribution of grains can improve surface roughness, life span of the
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wheel, and grinding efficiency. Nevertheless, some issues still exist:
namely, the complicated manufacturing process and high cost. Also, a
regular distribution of grains can be realized in one dimension, but is
difficult to achieve in 3 dimensions. There is therefore an urgent need
for a process to manufacture wheels with regularly distributed diamond
grains at a low cost [9-17].

3D printing technology is a booming industry that is beginning to
change the style of manufacturing and living [18,19]. It is believed
that new technologies like 3D printing with the features of digitiza-
tion, network, personality and customization will lead to the 3rd
industrial revolution [20-26]. 3D printing technology works by
dividing a CAD mold into several layers in the computer and
sintering or bonding plastic, metal powder, or even biological tissues
or cells in a 3D CAD plane with the printing instrument layer by layer
to form a 3-dimensional object [27]. 3D printing technology shows
great potential as a direction of advanced technological develop-
ment. It is crucial to fabricate diamond wheels with regular distribu-
tion grains due to the progress of grinding technology and the
demand for application. In the present paper, a 3D printing method
to fabricate end face diamond wheels with regularly distributed
grains has been developed. The analysis of the micro-structures be-
tween the two different phases (diamond grains and Ni based
alloy, and Ni based alloy and steel substrate) together with tracking
observations of the performance of the end face diamond wheel
grains have suggested explanations for the abrasion, which provides
the experimental basis for the fabrication of diamond grinding wheel
with regular distribution grains. Manufacturing this type of product
is virtually impossible by conventional methods [21-27].
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Fig. 1. Schematic of 3D printing instrument.

2. Instruments and methods
2.1. Materials and instruments

The grinding materials for the experiment were as follows:
diamond, (size, 300-500 pm); metal binding powder (Ni;5-Cr;g-B-Sis
alloy, self-made), with melting point 1000-1500 °C ; and substrate of
AISI 1045 steel. The grinding wheel is a diamond wheel with an end
face that is printed on the substrate ground and ultrasonically cleaned
in acetone.

Instruments: T]-HL-T5000 cross-flow CO, CNC laser machine. The
initial laser mode is TEMO0O. The schematic for the 3D printing
instrument is shown in Fig. 1.

The laser beam was originally a TEM0O (Transverse Electro -
Magnetic) mold. In order to investigate the effects of 3D printing
under different process parameters, the supplied energy density “p”
was introduced in this paper.

p=P/bv

where p = supplied energy density (J/mm?), P = laser power (W), b =
width of laser spot (mm), and v = scanning speed (mm/s). The different
results of laser printing under different process parameters were
described by supplied energy density.

2.2. 3D model construction of diamond grinding wheel

A 3D model of a diamond grinding wheel was constructed using pro/
E (Fig. 2). The model was divided into several layers by the software,
allowing the cross-section image for each layer to be obtained. Multi-
point data acquisition was then completed from the profile of the
wheel together with the regular grains so that the printing route could
be generated. This formed the 3D printing file (stereo-lithography, or
STL).

Fig. 2. Entity model of diamond grinding wheel.

2.3. 3D printing of the diamond grinding wheel

The STL file, which was generated from pro/E, was inputted into the
3D printer. The cross-section information of the grinding wheel was
then transformed into a printing route by the printer. The 3D printing
involved combined laser sintering and melting with laser fast scanning
molding technology in order to obtain the target object. The preparation
process for the diamond grinding wheel with regular distribution grains
follows.

First, the mixture of Ni-Cr alloy powder and diamond grains was
sprayed on the ASAI 1045-steel substrate uniformly by feeding devices.

wheel matrix 4
—

wheel matrix 4
€ 4

wheel matrix

d

Fig. 3. 3D printing process of diamond grinding wheel with regularly distributed grains. a-
Ni based binder 3D printer; b- Uniform spray of diamond grains; c- Regular distribution of
grains; d- Diamond grinding wheel with regularly distributed grains.
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Fig. 4. Hole in filler surface.

Then, a CO,-CNC laser machine would sinter and melt the Ni-Cr powder
with the metal binder to proceed with material adding in a calculated
route (Fig. 3a), and the diamond grinding grains could be sintered on
the alloy with a binder in a way that is tightly controlled by a computer
program (Fig. 3b). The power input was 300-500 W, the scanning speed
was 25-35 mm/min, and the size of the beam was 3 mm x 2 mm. The
laser energy is distributed in a rectangular area.

Any additional grains would be removed by the airflow so that a
grinding wheel with regularly distributed diamond grains was pro-
duced (Fig. 3c). Finally, the procedure was repeated, as shown in
Fig. 3a. Thus, a multi-layered grinding wheel with regularly distributed
grains was fabricated after the materials were added layer by layer and
the cooled to a solid state (Fig. 3e).

After 3D printing, the selected samples were cut, mounted and
polished for evaluation of the interfacial microstructure between the
grits and the alloy. JSM-6300 (JEOL) scanning electron microscopy
(SEM) was employed to characterize the overall and lateral
morphologies of the specimen after serious corrosion. Line scanning
was performed by an Energy Dispersive Spectrometer (KEVEX, US).
This scanning was used for the analysis of the element distribution of
the Ni-Cr alloy cross-section. The composition of the carbonate on the
diamond surface was determined by X-ray diffraction with Cu Kot
radiation, operated at 40 kV and 40 mA. These measurements were
carried out using a D'max (Rigaku, Japan).

3. Results and discussion
3.1. Features of 3D printed diamond grinding wheel

The orthogonal experiments were carried on based on tour previous
parameters. Different results of laser printing under different process
parameters are defined by the supplied energy density. If the supplied
energy density is less than 342.8 J/mm?, the diamond particles become
dislodged while grinding on marble. An example is illustrated in Figs. 4
and 5, where solder balls can be seen in the resulting hole. If the
supplied energy density is more than 364.2 [/mm?, the diamond
particles become graphitized, as can be seen in Figs. 6 and 7. The

Fig. 5. Un-melted filler alloy.

Fig. 6. Graphitized diamond.

substances in the surface of the diamond are flocculent if we amplify
the graphitized area. (See Fig. 5.)

If p was more than 364.2 J/mm?, the diamond grains would be
graphitized (see Fig. 6). The resultant surface of the diamond is
flocculent if we amplify the graphitized area (see Fig. 7).

If the supplied energy density is between 342.8 and 364.2 J/mm?, a
stronger 3D printed diamond results. Fig. 8 shows the combined
morphology of the Ni-Cr alloy and the diamond particles after laser
printing. A phenomenon can be observed that much crescent Ni-Cr
alloy coated on the diamond grain edge. Obviously, the wetting of Ni-
Cr alloy to diamond is good, and there could be some reactions between
the Ni-Cr alloy and the diamond grain. In addition, there are no cracks or
thermal damage on the diamond surfaces, and the shapes of diamond
particles are intact. Figs. 9 and 10 show the integrate and local

Fig. 7. Local amplification images.

50 um

Fig. 8. SEM image of the 3D printing diamond grinding wheel.
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Fig. 9. Local morphology of the 3D printed diamond grinding wheel.

morphology of a diamond grinding wheel that was produced according
to the procedures outlined in this study.

When the 3D printed process was finished, one sample was cut
along the bonding interface, and subsequently the diamond grains
were separated from the specimens by means of dissolving the filler
layer in the 65% nitric acid. Ordered laser scanning sintering was
shown to result in reaction products with tangential growth on the sur-
face of the diamond grains, which can be observed in the SEM image of
the diamond grains (Fig. 11). As shown from the XRD pattern (Fig. 12),
these products are chromium carbides. In the reaction system between
the diamond and the Ni substrate alloy, the concentration of Cr is the
highest in the Ni-Cr alloy, suggesting its high activity involvement in
the reactions. According to the previous study, Cr-C reaction is a type
of diffusion reaction. In terms of thermodynamics, the standard free
energy is AGO = — 71,555 GJ/mol in the reaction in which Cr and C
produce Cr3C, at 1050 °C. The low standard free energy indicates that
the formation of compounds between Cr and C is very easy. As for the
diamond-metal system, the experiments revealed that chromium car-
bide can also be produced on the surface of diamond grains after a peri-
od of reaction due to the diffusive concentration gradient of carbon [9].

3.2. The combination between Ni-Cr alloy and steel substrate

The sample was cut off of the post-sintering Ni-Cr substrate and
treated with coarse grinding, fine grinding and polish. The morphology
of the interface between the substrate and the alloy was characterized
by SEM (Fig. 13), and the composition of the interface was determined
by EDS (Fig. 14).

As shown in Fig. 10, the concentration gradients of Ni, Cr, Si and Fe
exhibited a slow transition trend, which indicates that the diffusion
phenomena of the elements on both sides of the interface led to the
formation of an alloy. During the laser sintering and molding process,
mutual diffusion between the Ni-Cr alloy and the steel substrate took
place at the laser temperature to form a solid phase diffusion zone.
When the composition of the solid phase reached the composition of

Fig. 10. Integrate morphology of the 3D printed diamond grinding wheel.

Fig. 11. Morphology of the product on the diamond surface.

eutectic point, liquid appeared due to the melting of the Ni-Cr alloy
and the steel substrate on the interface. During the cooling process
that followed, the Ni-Cr alloy and the steel substrate crystallized into a
solid solution and compound so that the high-strength combination of
Ni-Cr alloy and ASAI 1045-steel substrate could be produced.

4. Grinding test

In order to test the grinding performance of the fabricated diamond
grinding wheel, inspection of the damage degree of the grinding grains
under heavy loading was conducted. The conditions of the test are listed
in Table 1.
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Fig. 12. XRD pattern of the diamond after laser scanning sintering.

Fig. 13. SEM image of the interface between the substrate and the alloy.
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Fig. 14. Line scanning of the Ni-Cr interface.

The diamond grains experienced different grinding morphologies
from the start of the test to the failure of the wheel, which were
observed by 3D video microscopy. After several grinding processes,
the morphological changes of the cutting edges on the grains can be
compared. Based on experimental observation. Fig. 15 shows the tracing
morphological observation of a single diamond grain through the
grinding process. Three main abrasion phenomena during the whole
grinding process ware wear-away, micro-fractured, and macro-
fractured without grain dropping. During the test, those grains
displaying wear-away or micro-fractures were still usable in the
grinding process, since the fractures actually created new cutting
edges, benefitting the entire grinding process.

Statistical analysis of the morphology at particular times was used in
the current experiment in order to understand the changing trend of the
grinding grains. There were nearly 190 round processes during the
whole test from the beginning of grinding to the failure of the grinding
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Fig. 16. Statistic analysis of morphological variation.

wheel. Proportions for several typical abrasive morphologies of grains
during the round processes are presented in Fig. 16.

The grinding grains with regular distribution on the wheel experi-
enced normal abrasion and breakage during the grinding process,
which is a normal phenomenon in super-hard abrasive manufacture,
without grain droppage.

5. Conclusions

1) With the assistance of 3D photographic software and computer
control, a combination of 3D printing, laser molding with sintering and
melting, and dynamic point scanning can be used for the preparation of
diamond grinding wheels with regularly distributed grains.

2) It was shown that 3D printing can be extremely successful for
grinding wheel fabrication because of its ability to control distribution
of grains in 3 dimensions and multiple layers without sacrificing
simplicity in the manufacturing process. On the prepared diamond
grinding wheel, Cr-C compound was found on the interface of the

500,000 4 m

Fig. 15. The morphological change of a single diamond grain. a- overall morphology; b- wear-away morphology; c- Micro-fractured morphology; d- Macro-fractured morphology.
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Table 1
Grinding test conditions for 3D printed diamond wheel.

Items Conditions

Machine tool
Materials

MMD?7125 precision surface grinding machine
Sichuan red granite

(density: 2.58 g/cm?, Xiao Hardness: HS 92)
Water cooling

Pressure at 0.4 MPa

End face grinding

Cooling mode

Grinding mode

Loading method Normal force measuring
Wheel speed vs/(m-s~1) 20

Workpiece speed vw/(m-min~!) 2

Depth of cut a,/mm 0.08

Morphology observation 3D video microscope

diamond grains, which can strength the degree of binding between the
metal binder and the diamond. A diffusion transfer region with good
metallurgical bonding between the alloy and the substrate has been
confirmed.

3) Under high-load grinding conditions, no dropping phenomenon
appeared on the 3D printed diamond grinding wheel.
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