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Abstract

A grinding wheel with orderly-micro-grooves is a new type of structured grinding wheel for grinding narrow-deep slots. It can
improve the carrying capacity of the coolant in the grinding zone effectively. The wear and evolution of grains directly deter-
mine the sharpness of the grinding wheel, and this affects the grinding performance in terms of efficiency, surface integrity,
and tool life. In order to design the grinding wheel for minimized wear in its use, this study elucidates the wear behaviors of
the grinding wheel with orderly-micro-grooves in grinding narrow-deep slots. Through the comparative experiments of the
grinding narrow-deep slot, the impacts of micro-grooves on the wear behaviors of the grinding wheel are evaluated, and the
wear behavior of the grains on the cut-in edge, cut-out edge, cylindrical surface, and side surface is observed, respectively.
The analysis of the grinding ratio, grinding force, and force ratio further verifies the analysis of the wear mechanism and the
grinding performance. It is found that (1) the macro-fracture of grain on the cut-in edge occurred due to the large cutting
thickness increasing the load of the grain; (2) the debonding phenomenon reduces the anchoring force of the grain, and this
tends to pull out the grain on the cut-out edge; (3) due to the adhesion action of the micro-welds, the main failure behavior
of the grain on the cylindrical surface is chip adhesion, and the bridge adhesion appears at the small inter-grain space; (4)
grains on the side surface are less engaged in removing workpiece materials, the cutting depths of the grains in the middle
and inner zones are ignorable, and attrition wears and micro-fractures occur on the grains on the side surface. The grinding
force and force ratio variation further verifies that the grinding wheel with orderly-micro-grooves can achieve self-sharpening
to maintain excellent grinding performance.
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1 Introduction

With the growing need for precise machines in aerospace,
defense, automobile, and construction machinery, parts with
machined narrow-deep slots are widely used, and typically,
a narrow-deep slot refers to a slot with a width of less than 2
mm and a high aspect ratio greater than 2 [1]. To achieve the
desired high accuracy, super-abrasive grinding wheels are
' Hunan Provincial Key Laboratory of Intelligent increasingly used to produce narrow-deep slots due to their
Manufacturing Technology for High-Performance superior grinding performance in terms of hardness, thermal
Mechanical Equipment, Changsha University of Science conductivity, and wear resistance [2]. However, the narrow-
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deep slot causes the problem of using a coolant to remove
debris and dissipate heat in the grinding zone effectively,
and this further induces some surface defects such as burns,
micro-fractures, adverse residual stresses, and deterioration
of the grinding wheel.
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To improve the carrying and conveying capability of the
coolant in the grinding zone, significant efforts were car-
ried out to study the texturing/patterning of conventional
grinding wheels [3]. For example, Guo et al. [4] proposed
a micro-structured coarse-grained wheel that was made by
using laser technology, and the grinding experiments on
optical glass showed a significant reduction in subsurface
damages. Denkena et al. [5] presented a patterned grinding
wheel, and the results showed that the grinding force was
lowered by 20%. The intermittent grinding wheel with inter-
nal cooling by Shi et al. [6] reduced the grinding temperature
by 57% in experiments. Tawakoli et al. [7] applied dressing
operation to create designed structures on the grinding wheel
surface and observed that the area-specific grinding energy
was significantly reduced. Aurich et al. [8] also fabricated
a grinding wheel with an internal coolant supply, which
significantly improved the cooling efficiency as the coolant
was supplied into the contact zone directly. Walter et al. [9]
used a picosecond laser to produce various micropatterns
on the surface of the cubic boron nitride (CBN) grinding
wheel, and the results showed a reduction of grinding forces
in a range between 25 and 54%. Mohamed et al. [10] used a
single-point diamond dressing tool to cut shallow circum-
ferential grooves on the surface of a grinding wheel, and
the experiments showed that the grinding wheel increased
the average undeformed chip thickness effectively. Oliveira
et al. [11] produced patterns on the wheel surface during
the dressing operation, and the grinding power was reduced
significantly. Ding et al. [12, 13] developed open-porous
sintered CBN abrasive wheels; this provided additional
storage space for chips and improved the storage capacity
for coolants simultaneously. Cao et al. [14] indicated that
the intermittent cutting behavior caused a decrease in the
contact length by 42%, resulting in a significant reduction
of grinding temperature and grinding force by 40% and 41%.
Yuan et al. [15] fabricated an electroplated CBN wheel with
controlled abrasive clusters, and the phenomenon of wheel
loading was reduced significantly. An electroplated grind-
ing wheel with orderly-micro-grooves was designed in our
previous studies [16], and the experiments showed a 25%
reduction of the grinding temperature. However, there is a
need to investigate the wear behaviors of the grinding wheel
to further improve grinding efficiency and obtain good sur-
face integrity.

Early studies on wear behaviors of super-abrasive grind-
ing wheels focused on their impacts on the grinding perfor-
mance. For example, Upadhyaya and Fiecoat [17] studied
the effect of CBN crystal characteristics on the performance
of an electroplated CBN wheel and found that overall wheel
wear depended more on crystal exposure. Gift and Misi-
olek [18] considered the relationship between coolants and
the wear occurring to a grinding wheel, and they concluded
that the grinding force was the primary factor to fail the
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water-based fluid. The radial wear of a grinding wheel is
often used as an important factor to evaluate the degree of
wheel wear. Cao et al. [19, 20] found that the employment
of tangential ultrasonic vibration reduces the grinding ratio
by 22% in creep-feed grinding, and the normal and tangen-
tial grinding forces decreased by 35% and 39% in compari-
son with conventional grinding. Hartig et al. [21] discussed
the impact of the cutting depth on the wear of the grinding
wheel and concluded that the radial wear exhibited an over-
all lower value at a small cutting depth. Zhang et al. [22]
studied the residual stress on the workpiece surface with
different grinding wheel speeds and feed speeds and found
that the change in grinding wheel speeds had little influence
on the residual stress. Azizi et al. [23] found that the radial
wheel wear was due to bond fracture and grain pull-out.
Naik et al. [24] characterized the progress of the growth of
radial wear that began with an initial high wear rate, then
was followed by a steady rise, and finally terminated by a
rapid increase.

Due to the randomness of distribution and geometric
shapes of abrasives over the surface of the wheel, workpiece
materials are removed by accumulated actions of numer-
ous abrasives, and this brings the challenge of quantifying
the wear of a grinding wheel. Shi and Malkin [25] showed
that the grain wear form of the electroplated grinding wheel
included attrition, pull-out, and fracture of grains. Miao
et al. [26, 27] found that the wear behaviors varied in dif-
ferent regions of a wheel in the creep-feed profile grinding
of a turbine blade root. Naskar et al. [28] discovered that
thermal shock was a dominant factor to cause the macro-
fracture of CBN grains. Li et al. [29] found that attrition
wear and micro-fracture are the main wear behaviors at the
steady wear stage. Liu et al. [30] revealed the determination
mechanism of any effective grain and workpiece under dif-
ferent microscopic contact states. Wang et al. [2] found that
the micro-fractures near the cutting edges were caused by
a combination of tensile and compressive stresses. Based
on the analysis of topography and wear characteristics of a
diamond wheel in a sharpening process, Li et al. [31] found
that two predominant wear modes were (1) micro-fracture
of diamond grains and (2) ductile removal of resin bond.
Zhu et al. [32] analyzed the wear behavior of polycrystalline
CBN grains and indicated that the micro-fractures of the
PCBN grains were caused by the intergranular fractures of
the grains. However, aforementioned studies were mainly
on the wear behaviors of conventional grinding wheels;
few studies were conducted on those of structured grinding
wheels. The mechanism analysis of wheel wear on the struc-
tural grinding wheel still needs to be carried out sufficiently.

This paper aims to investigate the wear behaviors of the
electroplated CBN grinding wheel with orderly-micro-
grooves when it is used to grind narrow-deep slots by exper-
iments. To evaluate the growth of wear, a 3D ultra-large
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depth of field microscope is used to examine the morphology
evolution of the grinding wheel. The wear of grains on a cut-
in edge, cut-out edge, cylindrical surface, and side surface
is measured to reveal the wear mechanisms of the grains in
different regions. The impacts of the micro-grooves on the
wear of the grinding wheel are investigated to optimize the
performance of the designed grinding wheel.

2 Experimental procedure

Grinding experiments were conducted in an up-grinding
mode on a surface grinding machine (MGK 7120 x 6, Hang-
zhou Machine Tool Co., Ltd., China). Water-based emulsion
was used as a coolant. The grinding wheel has a diameter
of 200 mm and a width of 4 mm. A total of 600 straight
micro-grooves are distributed around the outer circumfer-
ence surface of the wheel. The micro-grooves are 1.5 mm in
depth, 0.1mm in width, and 1.05 mm in interval, as shown
in Fig. 1a. The CBN abrasives were bonded to the metallic
substrate by nickel. The average diameter of abrasives is 96
pm. The grinding wheel was prepared with orderly-micro-
grooves by following the instructions in [15]. Figure 1b
shows the experimental setup.

Creep-feed grinding was adopted in experiments. The
parameters were selected to achieve a balance between mate-
rial removal rate, surface quality, and tool wear. The creep-
feed grinding involves a larger cutting depth and a smaller
feed speed. In order to remove the material more efficiently,
while minimizing the thermal damage of the workpiece and
excessive wear of the grinding wheel, the minimum cutting
depth was set as 80 pm, and the change rate was 40 pm.
The higher the grinding wheel speed or feed speed is, the
vibration of the machine tool is increased, which makes it
easy to produce workpiece burns and severe wheel wear, and
the surface quality of the workpiece is poor if the grinding
wheel speed is too small. Therefore, the table speeds v,, were
set as 200, 300, 400, and 500 mm/min, respectively. The

grinding speed v, was given as a constant of 31.4 m/s, and
the cutting depth was set as a,= 80, 120, 160, and 200 pm.
The workpiece is AISI 52100, and its size is 10 mm in length
along the grinding direction, 10 mm in width, and 15 mm
in height. The morphology evolution of the grinding wheel
was observed by a 3D ultra-large depth of field microscope
(VHX-5000, Keyence Ltd., Japan), and the details are shown
in Fig. lc.

3 Results and discussion

An abrasive block of the grinding wheel includes grains
on the cut-in edge, cut-out edge, cylindrical surface, and
side surface, as shown in Fig. 2. The cut-in edge refers to
the edge of the abrasive block where it contacts initially
the workpiece, and the cut-out edge is the final edge before
the abrasive block moves away the workpiece surface. In
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Fig.2 Illustration of electroplated CBN grinding wheel with orderly-
micro-grooves
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Fig. 1 Experimental setup: a the electroplated CBN grinding wheel with orderly-micro-grooves, b grinding setup, ¢ characterization method of
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grinding a narrow-deep slot, the grains in different regions
are engaged in the grinding process differently, and this
leads to different wear behavior.

3.1 Wear behavior of grains on cut-in edge

As shown in Fig. 3, the wear morphology evolution of a typ-
ical grain on the cut-in edge is tracked with the increase in
material removal volume (AV) ranging from 0 to 9000 mm?®.
As the grinding processing continues, the wear behaviors
of CBN grain successively undergo attrition wear, micro-
fracture, macro-fracture, chip adhesion, and accumulation.
Before the grinding process, grains are firmly embedded in
the nickel layer, and the average protrusion height of the
grain is one-third of the grain size, as shown in Fig. 3a.
Due to the high bonding strength between grains and the
nickel layer, grains show excellent wear resistance. When
the material removal volume reaches 3000 mm?, attrition
wear occurs on the top of the grain as a small and flatted
zone, and it sustains good sharpness to remove materials
effectively (Fig. 3b). As the grinding process continues, the
wear behaviors over grains evolved from attrition wear to
micro-fracture, as shown in Fig. 3c. This is attributed to
the accumulated wear of grains. As material removal vol-
ume increases, the cracks appear and expand on the CBN
grain, and then, micro-fracture occurs. One cutting edge
is transformed into multiple ones, and sharp cutting edges

Fig.3 a-d Evolution of wear
morphology of a typical grain
on cut-in edge

Micro-groove
CBN grain

Accumulation
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Macro-fracture

are gradually flattened in continuing the grinding process.
Even though the number of cutting edges is increased, the
overall material removal rate is decreased considerably. It is
observed that a small amount of chip is stuck on the top of
the grain, debris accumulates in the grains, and the macro-
fracture eventually occurs on the side of the micro-groove.
When the material removal volume reaches 9000 mm?>, the
wear by macro-fracture becomes dominant, and the mate-
rial loss on grain is significant, as shown in Fig. 3d. The
number of effective cutting edges is decreased, and then, the
shear force on the top of the active cutting edges is increased
remarkably. This leads to the rapid wear of grains, and mate-
rial removal ability is affected due to the lack of edge sharp-
ness of CBN grains.

Figure 4 depicts the grinding characteristics of a grain
on the cut-in edge. In comparison with the inter-grain space
on the cylindrical surface, the distance from a grain on the
cut-out edge of the former abrasive block to a grain on the
cut-in edge of the next abrasive block is larger, and this is
due to the fact that there are micro-grooves between the
abrasive blocks. Therefore, the maximum undeformed chip
thickness of grain on the cut-in edge is larger than that on
the cylindrical surface, as shown in Fig. 4a. In comparison
with a traditional grinding wheel, the micro-grooves of the
wheel replace the abrasives. This causes the grinding task
of the micro-grooves to be transferred to the grains on the
cut-in edge of the next abrasive block. Meantime, the cutting

Micro-groove
X Cut-in edge
Cut-in edge 5

Micro-groove

j Cut-in edge
CBN grain
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Chip by grain on cut-in edge
Chip by grain on cut-out edge

(a) Grinding analysis of grain on cut-in edge

Fig.4 a, b Grinding characteristics of grain on cut-in edge

Cut-in edge

CBN grain
Mechanical cracking

Fig.5 Fracture mechanism of a grain on cut-in edge

length of the grain on the workpiece is proportional to its
maximum undeformed chip thickness, and the cutting time
of the grain on the cut-in edge is longer. Larger chip thick-
ness and longer cutting time lead to a larger load sustained
by the grain, and the grain on the cut-in edge is more likely
to be fractured (Fig. 4b).

Figure 5 illustrates the fracture mechanism of the grain
on the cut-in edge. For a single CBN grain, the grinding
process is intermittent cutting, and then, the cutting force
is periodic. The periodic cutting force acts on a grain on
the cut-in edge and causes the initiation and propagation
of cracks on the grain, which leads to mechanical fatigue
and eventually fracture of the grain, as shown in Fig. 3c. In
addition to the periodic grinding force, the thermal stress is
another key factor to accelerate the fracture of grain. In an
intermittent cutting, the temperature of the grain is rapidly

Micro-groove Grain

(1) Grain on cut-in edge

(i) Grain on elsewhere

(b) Maximum undeformed chip thickness

increased when a chip is formed. Once the grain leaves the
cutting zone, it is cooled during free rotation. The thermal
effect by material removal and the cooling effect by the cool-
ant cause thermal stress of grain. The larger the difference
between thermal and cooling effects is, the higher the ther-
mal stress of the material is, and more cracks are expanded
to fracture grains. In summary, with the accumulated wear
of the CBN grain, the wear mechanism of grain on the cut-in
edge is fractured under the combined influence of periodic
cutting force and thermal stress.

3.2 Wear behavior of grains on cut-out edge

Figure 6 demonstrates the evolution of the wear morphol-
ogy of a typical grain on the cut-out edge with respect to
the increase of material removal volume. Figure 6a shows
some sharp micro-cutting edges on the top of the original
grain, and this implies an excellent material removal ability
of the original grain. When the material removal volume is
increased to 3000 mm?, the micro-cutting edges are worn,
and attrition wear occurs on the grain. Furthermore, micro-
fractures are generated on the side of the grain, and a small
portion of the material is worn and torn from the grain, as
shown in Fig. 6b. As the grinding process continues, the
micro-cutting edges are flattened, and a small number of
chips adhere to the top of the grain, as shown in Fig. 6¢.
This is because the flattened zone is tended to form micro-
cracks subject to the grinding force, and the chips adhere
to the micro-cracks easily. Meanwhile, the micro-fracture
occurs near the micro-groove side, and the nickel layer on
the cut-out edge is stripped off the wheel hub. When the
material removal volume is increased to 9000 mm?>, the loss
of grain material is significant, and macro-fracture occurs,
as shown in Fig. 6d. This is attributed to the chip adhe-
sion that increases the local cutting loads on the top of the
grain; micro-cracks are propagated to accelerate the wear of
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Fig.6 a—d Wear behavior of a
typical grain on cut-out edge

CBN grain Cut-out edge

Micro-groove
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grain and, eventually, the fractures of the grain. In addition,  edge is easily pulled out. In such a case, the material removal
the stripping of the nickel layer on the cut-out edge is very  ability is reduced considerably.

severe and weakens the mechanical anchorage between the Figure 7 shows the wear mechanism of grain on the cut-
CBN grain and the nickel layer. The grain on the cut-out  out edge. Hard-brittle chips are generated in the grinding

Fig.7 a—d Wear mechanism of
grain on cut-out edge

Micro-groove

Micro-groove

Tensile stress zone

ompressive stress
zone

Nickel layer wear
Strip off
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zone, and most of these chips are either washed away by
coolant or stored in the micro-grooves, as shown in Fig. 7a,
while a small portion of chips freely rolls or slides in the
grinding zone. These free chips act as micro-tools subject
to mutual squeeze between the grinding wheel and the
workpiece to slide, plow, and cut the nickel layer (Fig. 7b),
which reduces the embedment depth of the grains. Fur-
thermore, the interaction between the workpiece and the
grain produces a compressive pressure over the grain and
leads to residual stress inside the grain. Under the squeez-
ing and friction of the workpiece material, the concentra-
tion of the compressive pressure appears on the rake face
of the grain, and this leads to crack initiation and grain
fractures. With the applied tangential grinding force (F,),
tensile stress occurs at the interface of the grain and nickel
layer, as illustrated in Fig. 7c. Since the micro-groove can-
not provide support for the cut-out edge, the nickel layer is
stripped off the wheel hub easily subjected to a tangential
grinding force. The stripping of the nickel layer reduces
the anchoring force of the grain on the cut-out edge and
further aggravates the tendency of grain pull-out. With an
increase of the wear induced by tangential cutting force,
the grain is overturned and pulled out from the grinding
wheel, as shown in Fig. 7d.

In summary, the wear of the nickel layer increases the
protrusion height of grains, and the stripping of the nickel
layer from the cut-out edge reduces the anchorage force
of grains, thus causing the pull-out of the grains on the
cut-out edge.

Fig.8 a-d Grain wear evolution
on cylindrical surface

3.3 Wear behavior of grains on cylindrical surface

The wear evolution of grain on the cylindrical surface at
different material removal volumes is shown in Fig. 8. Fig-
ure 8a shows that the cutting edges of an original grain are
sharp so the material removal ability is excellent. As the
material removal volume increases to 3000 mm?, the chip
adhesion is generated on the side of the grain (Fig. 8b).
When the material removal volume reaches 6000 mm?, an
amount of chip is stuck on the top of the grain, and micro-
fractures occur on the rake face of the grain, as shown in
Fig. 8c. It is ascribed that the generated chips in the grinding
zone are softened at high temperature, and then, these chips
easily adhered to the rake face of grain. The chip adhesion
reduces the sharpness of the grain and increases the cutting
force on the grain, which leads to the micro-fracture over
the rake face of the grain. Thus, the corresponding mate-
rial removal ability is decreased. When the material removal
volume increases to 9000 mm?>, some fractures on the grain
appear, and the area of chip adhesion on the grain is reduced
(Fig. 8d).

Figure 9 explains the formation mechanism of adhe-
sion. Grinding involves the interaction of micro-asperities
of grain and workpiece, and the actual contact area among
micro-asperities is small. The contact interfaces are severely
compressed with high stress and high temperature under the
action of grinding force, and micro-welds are formed easily,
as shown in Fig. 9b. The large number of micro-welds causes
material bonding at the contact interface, which resists the
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(a) Cutting mechanism of grain

Fig.9 a—c Formation mechanism of grain adhesion

sliding motions of the grains and the workpiece. As a result,
Workpiece materials are removed under the squeezing effect
of grains, and some of them are attached to the grains by the
adhesion of micro-welds, as shown in Fig. 9c.

In the grinding process, the chips stuck in an inter-grain
space are not washed away by coolant. These chips are sof-
tened by high grinding temperature and gradually adhere to
the rake face of grain by micro-welds. Then, the loaded grain
enforces the chips to flow across the rake face and increases
the adhesion of the chips. In creep-feed grinding, the large
cutting depth increases the contact area between the wheel
and workpiece in comparison with that in traditional grind-
ing, and this increases the effective length for grains to slide

-

Adhesicn on rake face

Adhesion spread

-

(b) Actual contact between
grain and workpiece

Grain
Metal removed

(c) Formation of grain adhesion

over the workpiece. Then, the chip adhesion on the rake face
of the grain is more serious. An electroplated wheel usually
exhibits a random distribution of grains, and the geometries
and intervals of grains are stochastic. The 3D ultra-large
depth of field microscope is used to observe the surface of
the grinding wheel, and Fig. 10 shows that chip adhesions
are divided into two cases according to the inter-grain space.

When the inter-grain space is small (Fig. 10a), the chip
adhesion is initiated on the rake face of the grains. Since
the spacing of two grains is small, the adhesion enters an
inter-grain space and then bridges two adjacent grains.
Through chip-to-chip adhesion and deposition, the adhe-
sion is extended to adjacent grains. A large range of bridge

Adhesion enters inter-grain space

Large range of bridge adhesion

Bridging to adjacent grain

(a) Adhesion process in small inter-grain space

Fractiiie

Adhesi (»nh:l

(b) Adhesion process in large inter-grain space

Fig. 10 a, b Adhesion process of chips in different inter-grain spaces
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adhesions is formed, and the cutting edges of grains are cov-
ered to cause resistance to material removal. It results in the
deteriorated grinding performance of grains.

Figure 10b shows the case with a large inter-grain space.
The chip adhesion gradually covers the grain, and the grain
becomes blunt and thus aggravates sliding and plowing.
The tangential force is increased due to attrition wear on
grains and concentrated stresses, and this accelerates crack
initiation and propagation. The grains are fractured before
the adhesion is developed to bridge grains, so the adhesion
occurs on a single grain. The fractured grain generates new
sharp cutting edges, which reduces the chip adhesion and
improves the material removal ability, and finally realizes
the self-sharpening characteristics of grain. In summary, the
creep-feed grinding aggravates the sliding effect of grains,
and the wear of grains on the cylindrical surface is primarily
caused by chip adhesion.

3.4 Wear behavior of grains on side surface

Figure 11 shows the wear characteristics of grains on the
side surface. In the grinding of the narrow-deep slot, the
grains on the cylindrical surface are not able to remove all
workpiece materials due to the large cutting depth. Part of
the material is put aside on two sides of the wheel and even-
tually removed by the grains on the side surface. The cut-
ting depth of grains on the side surface is gradually reduced
along the radial direction of the wheel. Depending on the
radial distance of a zone to the center of the wheel, the side
surface of the wheel can be divided into a micro-groove
zone, middle zone, and inner zone. The micro-groove zone
is characterized by the micro-grooves located on the out-
side of the grinding wheel. The inner zone is located closer

to the center of the grinding wheel and is least affected by
workpiece wear. The middle zone is located between the
micro-groove zone and the inner zone. The grains in the
micro-groove zone undertake the main material removal task
of the side surface, while the cutting depths of the grains in
the middle and inner zones are close to zero. Under this thin
cutting depth, grains are not squeezed into the workpiece
material; instead, these grains merely slide and plow on the
workpiece surface, and the amount of removed materials is
extremely limited. Therefore, grains on different grinding
zones show different wear modes.

Figure 11(b—e) shows the worn morphology of grains
on the side surface. The wear behavior of the grains in the
micro-groove zone is dominated by attrition wear and micro-
fracture. This can be explained that the cutting depth of the
grains in the micro-groove zone is larger than those in the
inner or middle zones. The grains are sliding, and the attri-
tion wear occurs to form a wear-flatten area on the top of the
grains. When the worn area is increased to a certain extent,
the grain is fractured. Moreover, a small number of scratches
occurred on the nickel layer. The wear behavior of grains
in the middle zone is micro-fracture on the top of grains.
With the continuation of the grinding process, the ground
depth of the narrow-deep slot is increased, and more grains
in the middle zone are engaged in grinding. The number of
active grains is increased, and this increases the tangential
grinding force and accordingly causes the micro-fracture on
the top of the grains in the middle zone. The wear of the
grains in the inner zone is manifested as cleavage. Due to the
high-speed rotation of the wheel and the scouring of coolant,
micro-vibrations of the grinding wheel are inevitable. The
micro-vibrations make some grains in the inner zone contact
the sides of the narrow-deep slot. The friction at contact

Fig. 11 Wear characteristics of
grain on side surface

Inner zone

Micro-fracture
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increases and fluctuates the grinding force. When the tensile
stress in the grain exceeds its tensile strength, a cleavage
fracture occurs on the grain in the inner zone.

3.5 Comparative analysis of grinding forces

Figure 12 displays the grinding ratio of the orderly-micro-
grooved grinding wheel and the traditional grinding wheel
versus the accumulative material removal in grinding nar-
row-deep slot. With the workpiece material removal volume
increasing, the grinding ratio G shows a trend of increas-
ing, then decreasing, and then becoming stable. When the
accumulative material removal volume is 6500 mm?>, the
grinding ratio of the traditional grinding wheel reaches the
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Fig. 12 Grinding ratio of grinding wheel against the accumulative
material removal volume
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highest and then decreases rapidly. Combined with the wear
behavior of the traditional wheel of grinding narrow-deep
slot [33], the large range of chip adhesion and wheel load-
ing are important factors leading to the rapid reduction of
the grinding ratio of the traditional wheel. In contrast, the
orderly-micro-grooved grinding wheel from the early wear
stage shows a high grinding ratio, and the grinding ratio
begins to decrease when the cumulative material removal
volume reaches 7500 mm?. The grinding ratio of the grind-
ing wheel with orderly-micro-grooves is about 1.3 times
that of the traditional grinding wheel. This is because the
grain on the cut-in edge wear behavior is more likely to
show sharp cutting edges, making the orderly-micro-grooved
wheel maintain a good sharpness during a long grinding
process. The self-sharpening characteristics of the grains on
the cylindrical surface show the excellent wear resistance of
the orderly-micro-grooved grinding wheel in the grinding
process.

The variation of grinding force and force ratio with the
accumulative removal volume is depicted in Fig. 13. As the
accumulative material removal volume increases from 0 to
9000 mm?®, the normal and tangential grinding forces of the
two grinding wheels increase to varying degrees (Fig. 13a).
It is worth noting that the tangential and normal grinding
forces of the orderly-micro-grooved wheel are less than that
of the traditional grinding wheel. The main reason for this
phenomenon is the large number of micro-grooves distrib-
uted on the working surface of the grinding wheel, which
makes intermittent contact between the grinding wheel
surface and the workpiece. Compared with the traditional
grinding wheel, the orderly-micro-grooved wheel has fewer
active grains in contact with workpieces, and the contact
length is smaller, leading to the grinding force being smaller.
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Fig. 13 a, b Variation of grinding force and force ratio with the accumulative material removal volume
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Figure 13b reflects the trend of the grinding force ratio
of the two grinding wheels with the accumulative material
removal volume. As the accumulative material removal vol-
ume ranged from 0 to 4000 mm?, the grinding force ratio
of the orderly-micro-grooved wheel increased from 2.90 to
3.07, indicating that attrition wear occurred at this stage,
and the sharp cutting edge was worn. With the accumulative
material removal volume reaching 6000 mm?, the grinding
force ratio decreases to 3.03. This manifests that micro-
fracture occurs at this stage, and newly sharp cutting edges
appear and show good self-sharpness of the grinding wheel.
Subsequently, the grinding force ratio increases, indicating
that the number of sharp cutting edges is decreased, and the
sharpness of the orderly-micro-grooved wheel is reduced.
In contrast, the increasing grinding force ratio of the tra-
ditional grinding wheel reflects the continuous decrease
in the sharpness of the grinding wheel. It reflects that the
self-sharpening ability of the traditional grinding wheel is
limited, and the sharpness of the grinding wheel cannot be
maintained for a long time during the grinding process. The
comparative analysis of grinding force and force ratio further
verifies the excellent grinding performance of the orderly-
micro-grooved wheel in grinding narrow-deep slot.

4 Conclusion

The wear behavior of the grinding wheel with orderly-micro-
grooves in grinding narrow-deep slots is investigated. The
wear morphology of grains on the cut-in edge, cut-out edge,
cylindrical surface, and side surface is observed. The vari-
ations of grinding ratio, grinding force, and force ratio with
the accumulative material removal volume are analyzed.
The results show that the micro-grooves influence the
wear behaviors of the grinding wheel. The micro-grooves of
the grinding wheel replace abrasive, and a portion of mate-
rial removal is shifted to the grains on the cut-in edge of the
next block. This increases the maximum undeformed chip
thickness of the grains on the cut-in edge. The increased
chip thickness increases the cutting load over the grains and
causes macro-fractures of the grains on the cut-in edge. The
micro-groove cannot provide support for the cut-out edge,
and the nickel layer is easily stripped off the wheel hub under
the action of the tangential grinding force. This reduces the
anchorage force of grains with the nickel layer and aggra-
vates the tendency of the grains on the cut-out edge to be
pulled out. In creep-feed grinding, micro-welds are formed
easily at the contact interfaces between the grains and the
workpiece under the action of high grinding stress and tem-
perature. A portion of workpiece materials is stuck on the
grains by micro-welds. The wear of grains on the cylindrical
surface is mainly by adhesion, and the adhesion is prone to

bridge at the small inter-grain spaces. Therefore, increasing
the spacing between grains in the preparation process of the
grinding wheel can effectively reduce the adhesion area. The
grains on the side surface remove less workpiece material,
and the cutting depths of the grains in the middle or inner
zones are close to zero; therefore, the wear of the grains on
the side surface is insignificant. The wear behavior of the
grain on the side surface is attrition wear or micro-fractures.
The grinding ratio of the grinding wheel with orderly-
micro-grooves is 1.3 times that of the traditional wheel,
and this reveals that the orderly-micro-grooved grinding
wheel has stronger wear resistance. The grinding force
and force ratio variation further verifies that the orderly-
micro-grooved grinding wheel can achieve self-sharpening
to maintain excellent grinding performance. This confirms
the feasibility and superiority of the grinding wheel with
orderly-micro-grooves during grinding narrow-deep slots.
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