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Abstract This paper describes the grain damage characteris-
tics of a grinding wheel with laser-brazing and discusses its
relationship to the normal grinding force during the face
grinding of granite. The results of our experiment show
that the primary wears patterns of the brazed diamond
grinding wheel in the whole grinding process are whole,
wear-away, micro-fractured, and macro-fractured. There is
no type of falling-off for the diamond grinding wheel, so
the result indicates that it is possible to braze the diamond
grits through appropriately manipulating the parameters of
the laser. During the grinding process, the diamond shapes
cause grinding forces to vary, and these variations actuate
the transformation of the diamond shapes. The results obtained
in this paper provide a reference for researching the wear
mechanism of diamond grains, for optimizing grinding pa-
rameters, and for consummating the manufacture of laser
brazed diamond tools.
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1 Introduction

There have been many developments of high-efficiency
grinding techniques, especially those with high and ultra-
high speeds [1–4]. At the same time, those high-temperature

brazing diamond grinding wheels with high bonding strength
and high grit exposing height are widely used for re-
search. In western countries, experts have been creating
of a new generation of diamond tools since the 1990s,
attempting to replace plating with high-temperature brazing
[3–5]. In China, researchers at Nanjing University of
Aeronautics and Astronautics have also made progress in
the study of high-temperature brazing diamond grains. At
present, the manufacturing of high-temperature brazed
monolayer diamond tools is mainly conducted through
welding in a vacuum furnace or high-frequency induction
welding [6–12]. However, both methods are limited in
practice. For welding in a vacuum furnace, the workpiece
is slow to heat and cool, lengthening in the production
cycle and consuming more time and energy. In this method,
the diamond grains stay in a high-temperature environment
for a long period of time, risking thermal damage. Large-
size tools may not be applicable due to the size of the vacuum
furnace and thin-wall tools with unpredictable deformation
under heat are also not a proper option. For the high-
frequency induction brazing method, the advantages include
fast heating, fast cooling, and shorter brazing cycles. But, the
induction coil must be redesigned for tools with different
shapes. The design of the gas production mechanism is
more complicated for large tools or tools with special
characteristics [9–17]. In the present research, a laser
was chosen as the heat source. The innovative methods
of manufacturing high-temperature brazing diamond tools
are also discussed. The advantages of laser-brazing are
selective heating areas, smaller heat-affected zones, and
very slight deformation of the base after brazing, especially
for plate-shaped bases, due to the flexibility of the laser head.
Besides, the application of laser-brazing significantly en-
hances the efficiency of manufacturing the diamond grinding
tools. Such enhancement will allow for the industrialization of
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ultra-hard grinding tools and provide social and economic
benefits [14–22].

For our study, Ni-creative brazing alloy was used as the
connection material with a laser as the heat source. With those
parameters, single-layer brazing diamond end grinding wheels
were created for analysis. The grains’ abrasions on the wheels,
as well as the grinding forces, were observed and recorded.
The wheels’ grinding performances were accessed based on
the gathered data. The mutual influences between the damage
on grains and the grinding forces were then further studied.
This research is expected to be a practical reference for choos-
ing proper manufacturing methods of laser-brazing diamond
tools in the future and their industrialization.

2 Instruments and methods

The experiments were conducted on a SYM-10 special-shaped
stone polishing machine (main axial speed n=3800 r/min,
output power P=4.0 kW). The parameters of the end grinding
wheel used in the experiments (as shown in Fig. 1a) are an
outer diameter of 104 mm, an inner diameter of 84 mm, and a
working width of 6 mm.

The base of the grinding wheel was 45 steel. The brazing
material was Ni-based alloy (Ni-Cr-B-Si, self-made). The size
of diamond abrasive was 40/45. The brazing was conducted
under the protection of argon, with optimized laser-scan pa-
rameters. After the laser-scan brazing, the diamond grains
were uniformly distributed on the base of grinding wheel, as
shown in Fig. 1b. The circumferential interval was approxi-
mately 2 mm. The roundness error of the grinding wheel is
less than 5 um. The face grinding length was 400 mm, and the
width was 100 mm.

The grinding tests were carried out in the precision grinder
(M6025C), according to the criteria given in Table 1. The
normal grinding force signals were collected with a Kistler
9265B dynamic force-measuring instrument. This instrument
had a measuring range of −15~15 KN in all three directions.
Its sampling frequency was 10 KHz at maximum. A data
collection card gathered the signal data and diverted it into a
charge amplifier, then into a computer for process through
A/D conversion. Figure 2 shows the layout of the instruments.

(a) The whole graphs 

(b) Local magnification

Fig. 1 The overall morphology of the laser-brazing diamond grinding
wheel

Table 1 The grinding
experiment parameters of the
laser-brazing diamond grinding
wheel

Items Criteria

Materials Sichuan red granite (density 2.58 g/cm3, shore’s hardness HS 92), L= 0.5 m

Way of cooling Water cooling

Grinding pattern Face grinding

Measurement of forces The normal force was measured

Grinding feed Feeding speed Vw= 2 m/min, depth of cut ap= 80 μm

Morphology The grain’s morphology was examined with a 3D video microscope

Fig. 2 Layout of the instruments

854 Int J Adv Manuf Technol (2016) 87:853–858



3 Results and analysis

3.1 The variation of diamond grain cutting edge
in grinding

The damage characteristics of the diamond grains varied from
the beginning of the grinding process until the failure of the
apparatus. The damage was examined with a 3D video micro-
scope. The examination was taken each time at the grinding
sections after dual-way grinding. The damage characteris-
tics from each time period were compared and analyzed.
According to the experiment results, the damage character-
istics of a grain in the process were wear-away, micro-frac-
tured, and macro-fractured. There is no type of falling-off
during the process. 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. Figure 3 shows the
variation of typical damage characteristics of one particular
grain on the grinding wheel.

In the experiments, the wearing processes of 64 diamond
grains were accessed. Those 64 grains were distributed in
eight sections at 45-degree angles to each other. This was to
ensure that they represented the general features over the
grinding wheel. The results indicated that the variation of
the wearing features was from whole, to wear-away, to
micro-fractured (local fragmentation occurred), ending at
macro-fractured (the fragmentation of the whole grain oc-
curred), as shown in Fig. 3. Further observation of the
grains’ features revealed that there were two other patterns
aside from those mentioned above. The two new patterns

(a) Whole 

(b) Wear-away 

(c) Micro-fractured 

(d) Macro-fractured 

Fig. 3 The variations of damage
patterns on grains

Fig. 4 The distribution of each damage patterns
Fig. 5 The variation of each damage patterns during the process of
grinding
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were (1) whole-macro-fractured and (2) whole-micro-frac-
tured-macro-fractured.

Figure 4 gives the distribution of all the three damage pat-
terns. Due to very low ratio in the existence composition, the
whole-macro-fractured pattern was determined as an abnor-
mal failure of the diamond grains. The whole-micro-fractured-
macro-fractured pattern held a higher ratio than the former
one, but was still generally low. In this pattern, the alternative
thermal stress, the alternative impacts, and the uneven strength
of the grain itself all played vital roles in pushing the grain
toward a shorter lifetime.

The grains’morphological data at different spots during the
grinding process were obtained and analyzed for their varia-
tion trends. In the experiment, the wheel failed after approxi-
mately 190 rotations. Figure 5 gives the composition ratio of
each damage pattern under different numbers of rotations.

From Fig. 5, we see that the ratios of macro-fractured,
micro-fractured, and wear-away damages all increased signif-
icantly in the early stage. This is because some grains were
above the average height, meaning they were the first ones
affected by the grinding. In such an early stage, only a few
grains were involved in the process, so the load on each grain
was massive. Under the grinding forces, those grains were
rapidly damaged or fractured. So, the curves in the early stage
are quite steep. In the middle stage, the ratios of micro-
fractured and wear-away damages trended to be flat and sta-
ble. The ratio of macro-fractured damages increased gradual-
ly. Wear-away damages became micro- or macro-fractured,
while micro-fractured damages transitioned into wear-away
or macro-fractured. This explains why both the wear-away
curve and the micro-fractured curve flatten during the middle
stage. In the late stage, after 150 round trips, more grains were
damaged and grew in size as the grinding force caused further
deterioration. This is why the ratio of macro-fractured dam-
ages increased sharply in this stage. Putting the results from
the three stages together, we can say that the diamond grains
passed through the stages of initial wear, normal wear, and
severe wear.

3.2 Analysis to the relationship between wheel’s surface
morphology and grinding force

During the grinding process, the entire surface of the wheel
was in contact with the stone. The tangential resistance force
was offset in the opposite direction. Thus, we concluded that
only a normal grinding force was necessary for analysis. The
size of the normal force depended on the sharpness of the
grinding wheel. Figure 6 gives the grinding force’s wave pat-
tern from the surface of a laser-brazing diamond grinding

Fig. 6 The Grinding force’s wave pattern, from a grinding wheel at the
stable stage

Fig. 7 The average normal grinding force on the wheel

(a) A Sharp Grain 

(b) A Wear Grain 

Fig. 8 The grinding forces applied on two different grains
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wheel during the tenth rotation. In correspondence with
Figs. 5 and 7, it shows the variation of the average normal
grinding force Fn on the wheel surface during the stable stage.

We can tell from Fig. 7 that the grinding force increased as
the process continues; this is because the grain begins with a
sharp cutting edge. There were forces, a horizontal component
ft and a vertical component fn, applied on the edge, as shown in
Fig. 8a. This caused the edge to cut into the workpiece, re-
moving materials. As the grinding process went on, the tip of
the edge was worn off, which brought in another friction force
onto the wear-top. As shown in Fig. 8b, in addition to the
already presented components, ft1 and fn1, there were also a
frictional horizontal component ft2 and a vertical component
fn2 applied to the wear-top as a result of its contact with the
workpiece. We assumed that the area of the wear-top was Ag

and the part of workpiece in contact as it was already in yield
state. If the compressive yield stress of the workpiece was δs,
then there was a vertical component fn2=Agδs. A conclusion
was drawn that the variation of the grinding force was caused
by the variation of the top area.

Figure 7 shows that the normal grinding force increased
gradually in the early stage and maintained a relatively stable
state thereafter. It resumed its rapid increase in the late stage,
since many macro-fractured grains appeared in this stage. The
total amount of grains was reduced. So, the non-deformed
cutting thickness for each grain increased, as did the grinding
force itself. During the entire process, the grinding force
changed continuously with the variation of the wheel’s dam-
age characteristics.

From the analysis on both damage characteristics and
grinding forces, we see that there is a sound relationship be-
tween the change of ratios of different damage states and the
variation of grinding forces. In other words, the grinding force
is small when more of the grains are whole or show wear-
away damages, only a few of them are whole or wear-away
damaged ones.

4 Conclusion

(1) During the process of grinding granites with laser-
brazing diamond grind wheels, the grains passed through
states of damages includingmacro-fractured, micro-frac-
tured, and wear-away. Grains that fell off the wheel were
not found in observation.

(2) During the process, as the number of rotations increased,
the grinding force increased and maintained a stable state
for a certain period of time. The force rapidly increased
once again in the late stage. Our study showed that the
grinding force was more closely related to whole, macro-
fractured, and micro-fractured damages; the grinding
force is small when more of the grains are whole or show
wear-away damages.

(3) Laser-brazing did provide a high bond between the dia-
mond and the base. The general pattern of variation was
whole-wear-away-micro-fractured-macro-fractured.
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