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Abstract
We investigated the wear modes and mechanisms of alumina grits during abrasive belt grinding of U71Mn steel under various
normal forces and grinding speeds. Our approach consisted of an experimental procedure that produced sufficient wear followed
by a resin-embedding method for observing the cross sections and topographies of grits. Statistics of wear modes and protrusion
heights were calculated to visualize and quantify abrasive belt wear. The results demonstrated that different subsurface structures
emerged inside the worn grits, and these structures were sensitive to process parameters. Transitions between abrasion and
fracture wear modes were frequently observed. The effects of abrasive belt wear and process parameters on wear modes were
clarified. The critical protrusion height of the abrasive belts for each wear mode of abrasive grits was experimentally determined.
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1 Introduction

Abrasive machining is a group of manufacturing methods that
employ very hard granular grits to modify the shape and grind
the surface texture of manufactured parts. Among various
abrasive machining methods, abrasive belt machining has
been extensively studied in terms of ground surface [1, 2],
particle texture [3], material removal rates [4, 5], contact states
[6], power consumption [7], and other factors over the last

several years. Like any other cutting tool in the manufacturing
process, abrasive belts will inevitably become blunt as the
grits planted on the abrasive belt surface slide against the
workpiece. Generally, wear impairs the abrasive belt perfor-
mance and alters the grit geometry, which is detrimental to
manufacturing precision and ultimately renders the grinding
completely ineffective. However, the effects brought by wear
do not always have a negative influence. One example is that
wear can renew blunt grits under certain conditions [8].

Previous research on wear modes of abrasive tools mainly
focuses on observing the top surface of abrasive tools.
Nadolny et al. [9, 10], for example, performed a series of
internal cylindrical grinding experiments with grinding
wheels. By observing the grits’ characteristics, they classified
all the grit wear modes into three categories: fracture wear,
abrasive wear, and thermo-fatigue wear. In contrast, Liang
et al. andWang et al. [11, 12] thought wear flat, microfracture,
grain pull-out, and wheel loading were the four main wear
categories during the grinding process. However, some re-
searchers found that there might be subsurface structures be-
neath the friction surface. Mayer et al. [13] found a layered
subsurface structure beneath the ceramic-steel tribology pairs.
Klocke et al. [14] found two distinct layers when researching
the wear characteristics of sol-gel-corundum grinding with
bearing steel. Ding et al. [15] reported subsurface structure
between cubic boron nitride (CBN) and metallic materials
tribological pair, and such delamination contained different
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elements. Since it is difficult to examine the internal structure
of abrasive grits only by surface observation, the previous
researches were very limited in revealing the structures be-
neath the grinding tool surface. A typical method for observ-
ing cross sections is using transmission electron microscopy
(TEM) to examine the cross-sectional thin films prepared by
the focused ion beam (FIB) technique [16, 17]. However, due
to the limitation of the ablating depth to dozens of microme-
ters [18], this method was not suitable to be applied to grits
with average diameters of hundreds of micrometers. We also
noticed that quantifying wear modes is an effective way to
evaluate the wear of abrasive belts. A few studies have quan-
tified the wear mechanisms of diamond wheels [19].
Unfortunately, no attempt has yet been made to quantify wear
modes combining the influence of protrusion height and full
grinding time of abrasive belts.

To solve these problems, our work will focus on the fol-
lowing two aims: (1) revealing the wear mechanisms of abra-
sive belts in the cross-sectional direction by applying the abra-
sive belt embedding method and (2) investigating the propor-
tion of each wear mode throughout the whole lifecycle of
abrasive belts and figuring out the influence of protrusion
height on wear modes quantitatively.

Our research topic originates from the rail grinding indus-
try. Thus, the choice of workpiece material and grinding mode
are in accordance with actual working conditions. This study
was conducted in the following three steps. The first step
started with several abrasive belt grinding experiments under
different process parameters. Necessary data was collected for
further quantitative analysis. The second step presented the
wear morphology of abrasive belts including global topogra-
phies of abrasive belts and local cross sections of single grit,
by applying a resin-embedding method for sample cross sec-
tioning. The third step dealt with the quantitative analysis of
each wear mode based on experimental data with different
process parameters. This research is expected to provide a
comprehensive understanding of wear mechanisms in abra-
sive belt grinding, which is essential for improving the abra-
sive belt service life and facilitating the formulation of grind-
ing strategies in rail grinding.

2 Experimental procedure

Strips of U71Mn steel after hot-coiling into a ring were used
as the workpieces. This material is the same as the material
used in rail grinding industry. In addition, rail grinding was
always performed under dry grinding. So, no coolant was
involved in our experiments. The chemical compositions of
U71Mn are summarized in Table 1. After normalizing, the
microstructure of steel was mainly pearlite. Workpiece surface
hardness was around 23.3 HRC, and the surface roughness
(Ra) was less than 10 μm.

Three of the same commercially available abrasive belts
were used to test different process parameters in the most
repeatable manner possible. Their basic properties are sum-
marized in Table 2. The hardness of abrasive alumina was 60–
70 HRC. The average diameter of grits sized 36# was
0.42 mm according to the equation: d = 15.2 M−1, where d is
the average diameter andM is the mesh size. Here, we referred
to Mei’s literature [20] in which the author assumed that the
grits were double-ended cones the lengths of which were
about three times the average diameter. Thus, the average grit
length was 0.42 × 3 = 1.26 mm. The embedding depth was
nearly half of the grit length, so the average initial protrusion
height was about 0.66mm. Coated density (cm−2) in this study
refers to the number of abrasive grits that participate in grind-
ing in one square centimeter.

Experiments under different process parameters were per-
formed based on the abrasive belt grinding apparatus shown in
Fig. 1. Motor A drove the driving wheel to force the abrasive
belt to rotate at a high velocity, while motor B drove the
circular workpiece. The cylinder pushed the abrasive belt to
contact the workpiece for grinding. During the grinding pro-
cess, all the process parameters were controlled by a control
box and monitored by a multisensory setup that gathered mea-
surement data in real time. The abrasive belt velocity was
monitored by a velocity sensor. An encoder ran synchronously
with the workpiece to collect accurate velocity data, and a
force sensor was fixed to the contact wheel to collect force
data from the cylinder.

The initial workpiece temperature was taken as the ambient
temperature, 25 °C. The workpiece moved at a constant ve-
locity of 1 m/s. Three experiments with three same-batch abra-
sive belts were performed. Each abrasive belt ground the
U71Mn specimens for about 20 min under constant normal
force and abrasive belt velocity. According to our pre-experi-
ments, a normal force of 350 N and a grinding speed of 37m/s
are the most effective grinding conditions for material remov-
al, so we picked two levels of parameters around the optimum,
as shown in Table 3. The experiments were interrupted at
regular intervals to take the abrasive belts’ surface photos with
a digital microscope (1 μm accuracy) to observe the abrasive
belts’ wear.

A Nanovea PS50 optical profilometer equipped with a
white light chromatic sensor (made by Micro Photonics,
Inc.) was used to scan the protrusion height distribution of
the abrasive belts. It provided the scanning system a vertical
measurement range of 3 mm (z direction), a depth resolution
of 25 nm, a depth accuracy of 200 nm, a maximum planer

Table 1 Chemical compositions of U71Mn (wt%)

Element C Si Mn P S V Fe

Percentage 0.75 0.22 1.29 0.016 0.017 0.004 Balanced
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resolution of 2.6 μm, and a range of sampling rates between
100 and 1000 Hz. At reasonable sample intervals, every point
of the surface height was measured to analyze the distribution
of protrusion height across the abrasive belts.

A resin-embedding method was used to obtain the cross
section of grits. This method is commonly used in the field of
biotechnology [21]. Beste et al. [16] thought the cross sections
obtained by this method are rather coarse. Since the scale of
the grits is very large comparing to typical microstructural
features, this shortcoming is not so critical in our cases. The
main steps of the resin-embedding method are shown in
Fig. 2. Firstly, several small pieces of blunt abrasive belt spec-
imens sized 10 mm× 10mmwere stacked and embedded into
hyaline epoxy resin. After the resin solidification, the side
surface of each resin-embedded specimen was cautiously
polished by sand paper and polishing paste in order to expose
the fresh cross section of the grits. To avoid secondary damage
during the sample preparation process, the next three rules
should be followed: (1) decrease the polishing force and speed
slightly, (2) improve the flatness of sample side surface, and
(3) avoid the directional scratches on the sample side surface.
The cross sections of grits were observed by using micro-
scopes to reveal the wear mechanisms from a new perspective.

3 Results

3.1 Wear morphology

Awhole image of the surface topography after grinding oper-
ation was taken and shown in Fig. 3. In general, cracks on the

abrasive belt surface were the particular characteristic of wear,
but several cracks were observed on the brand new abrasive
belt surface (Fig. 3(a I)). Such occurrence of cracks was nearly
inevitable because the abrasive belts had always been folded
tightly in transit. However, the number of cracks increased
obviously after grinding due to the repeated mechanical
rolling force between workpiece and contact wheel
(Fig. 3(II, III, IV)). Most of the cracks expanded in an orien-
tation that was perpendicular to the abrasive belt traveling
direction. Four grit behaviors (not involved, abrasion, fracture,
and pull-out), shown in Fig. 3(1)–(4), were detected on the
abrasive belt surfaces. The four kinds of grit behaviors were
frequently observed in the three experiments, but the propor-
tions were different; this will be discussed later.

As shown in Fig. 3(1), many grits coated on the abra-
sive belt surface were not involved in the grinding pro-
cess. Such grits almost remained unchanged after grind-
ing. Figure 4 is the cross section of a grit that was not
involved in grinding. The grits’ (4) summits were sharp
and were still able to remove the material. However, the
protrusion heights of these grits were so low that all of
them were buried under the bonding (2). They did not
come into contact with the workpiece or participate in
grinding. That is the prime reason why they did not be-
come blunt during grinding. We also observed cracks (3)
at the edge of grits in exp. 1 and 3.

Additionally, more than half of the grits cut into the work-
piece subsurface and gradually became blunt in shape. The
grit wear generally occurred in three forms: abrasion, fracture,
and pull-out. Images of these three forms are shown in Figs. 5,
6, 7, 8, 9, 10, and 11, respectively.

Table 2 Basic items of abrasive
belt Items Value Items Value

Grit size 36 Dimension (m) 3 × 0.075

Average grit size (mm) 1.26 Average initial protrusion height (mm) 0.66

Grit material Alumina ceramics Coated density (cm−2) 3.8

Fig. 1 Abrasive belt grinding apparatus
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The SEM image in Fig. 5 depicts facture grit, where a large
amount of abrasive debris shed from the grits, creating a ran-
dom fracture section. After fracture, the grit tip was still sharp
and retained moderate cutting ability. The enlarged image of
the fracture section (Fig. 4(b)) of the fracture grits shows that
the fracture section was not as smooth as an ideal surface. On
the contrary, the fracture section was uneven and full of sharp
edges, suggesting that the cracks propagated along the grain
boundaries due to the relatively weak interfacial strength.
Among the grains, tiny pores were spotted, and, very occa-
sionally, some cracks emerged, as shown in Fig. 5(c).

Figure 6 is the cross section of grits that sustained fracture
under three sets of different process parameter. In the detailed
figure (Fig. 6(d)), many random cracks were observed. Their
interconnection eventually caused the grits to break into many
small fragments, which is identical to the fracture feature in
the SEM image from the top view.

Changing the process parameters had a significant influ-
ence on both the number of cracks and the width of cracks.
Compared with exp. 3 (Fig. 6(c)), cracks formed in exp. 1
(Fig. 6(a)) were fewer and narrower, which indicated that
grinding under higher speed obviously causedmore and wider
cracks inside the grits. Similar results were detected by com-
paring exp. 2 (Fig. 6(b)) and 3 (Fig. 6(c)). When the normal
force increased, more and wider cracks emerged on the cross
sections of grits.

Abrasion (shown in Fig. 7) was another typical wear mode
of grits, characterized by a flat, blunt area covered with adhe-
sive materials (U71Mn, as evidenced by EDAX). Grits that
suffered abrasion did not readily cut into the workpiece

surface if the normal force remained constant—when these
blunt grits slid along the surface, the workpiece material was
hardly removed. In other words, abrasion significantly weak-
ened the cutting ability of the abrasive belt. From the top view
of Fig. 7(b), the blunt area looked uniform and smooth. At
higher magnification (Fig. 7(a)), the blunt area was dominated
by extremely fine grooves that were nearly identical in pitch
and depth. At the edge of the blunt area (Fig. 7(c)), the char-
acteristics under the flat surface were examined in detail: the
structure beneath the blunt area consisted of many random
particles with diameters around 10 μm. Compared to the
smooth surface of the blunt area, these particles disorderly
formed a coarse surface, indicating there might be different
subsurface structures under the tribological surface, and this
point was in accordance with the previous researchers’ opin-
ion [13].

To observe the subsurface layered structures under the
blunt area, we obtained the cross section by the resin-
embedding method. In the meantime, elemental analysis was
also conducted in each layer and summarized in Fig. 8.
Judging from the obvious structures and elemental differences
synthetically, the substructures can be divided into three
layers: metal layer, particle layer, and normal layer.

According to Fig. 8, the metal layer mainly consisted of Fe,
O, and Mn, but the oxygen content was much higher than that
of the workpiece (Table 1). The thickness of this layer was
about 5 μm, and it was not uniformly distributed on the blunt
area but rather exhibited a generally ribbon-shaped distribu-
tion on the topmost part of the blunt area and obviously
narrowed along the sliding direction (shown in Fig. 9). With
a sensitivity to process parameters, when the grinding speed
and normal force increased, the area that the metal layer cov-
ered usually decreased (Fig. 9(b)). Additionally, the metal lay-
er gradually moved to the edge of the blunt area (Fig. 9(c)).
Some of metal layer were fused with grinding chips, and they
dropped from the abrasive belt surface together. Moreover, the
metal layer was not tightly adhered on the top of wear grits. It
could be easily washed off by an ultrasonic cleaner in our

Table 3 Process parameters of each experiment

Experiment number Normal force (N) Grinding speed (m/s)

1 300 30

2 400 45

3 300 45

Fig. 2 Resin-embedding method used in abrasive belts wear observation
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experiments. Thus, in the grinding process, this layer cannot
protect lower layers from continuing wear.

The layer beneath the metal layer was the particle layer
(shown in Fig. 10), which mainly contained Al and O.
The thickness of this layer varied from 50 to 150 μm.
Massive small particles sized around 10 μm and arranged
in 5 μm spacing made up this layer. Since the particle size
was nearly identical as we saw from the edge of the blunt
area in the top view in Fig. 5, the irregular surface of the
blunt area was the particle layer. Some alumina fragments
(marked with (1) and (4) in Fig. 10(a, c)) were spotted

near the particle layer. These might be small fragments
dropping from the particle layer.

The related features of this layer were vulnerable to process
parameters. When the normal force and grinding speed in-
creased, firstly, the thickness of this layer nearly doubled.
Next, the small breaches (marked with (2) in Fig. 10(a)) on
the top boundary of the particle layer evolved to long and
narrow cracks (marked with (3) in Fig. 10(b)). In the mean-
time, more and larger fragments (marked with (4) in
Fig. 10(c)) dropped from the main part of the grit, causing
the top boundary of this layer to become irregular.

Fig. 3 SEM image of abrasive
belt surface before and after
grinding and typical grit
behaviors (a–d) (1–4)
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The third layer was the normal layer (Fig. 10). It was lo-
cated in the deepest position with the largest thickness among
the three layers. The element content was almost identical
with the particle layer, but the microstructure was completely
different: the normal layer consisted of no particles structure
but homogeneous and compact component.

Pull-out was the third main mode of abrasive grit wear, in
which the entire grit dropped from the abrasive belt without
expending any grinding ability and left behind a deep hole on
the abrasive belt surface (Fig. 11). In addition, most of the grits
that suffered pull-out were concentrated on the periphery of
abrasive belt surface cracks. According to their surface topog-
raphies shown on the upper corners, the depths of the holes
were around 600–700 μm, and there seemed to be no obvious
differences among the three process parameters.

3.2 Wear modes transitions

During the grinding process, some grits suffered more
than one wear mode. Therefore, some transition patterns
between different wear modes must exist. Theoretically,
there may have been four transition patterns: abrasion-
to-fracture transition pattern, fracture-to-abrasion transi-
tion pattern, abrasion-to-pull-out transition pattern, and

fracture-to-pull-out transition pattern. According to our
statistics, pull-out was quite rare compared with the other
two wear modes. So, among all the transition wear pat-
terns, the abrasion-to-fracture transition pattern and the
fracture-to-abrasion transition pattern were the two most
commonly observed during grinding.

The grits in Fig. 12 were in the stage of abrasion-to-
fracture transition pattern. They had the typical feature of
abrasion wear—blunt area (3). However, some deep
cracks (2) were viewed on the top of the flat, blunt area.
Such cracks bridged together, resulting in chunk debris
(1) falling from the main part of the grits—the represen-
tative characteristic of fracture. When grinding under
higher grinding speed and normal force, more cracks
emerged on the blunt surface in exp. 2 (Fig. 12(b)) and
exp. 3 (Fig. 12(c)) compared with exp. 1 (Fig. 12(a)).
Thus, it seems that the transition from abrasion to fracture
happened more easily under higher grinding speed and
normal force.

Grits shown in Fig. 13 were in the stage transitioning from
fracture to abrasion. They had the typical features of fracture
and abrasion at the same time. A huge fracture section (1)
suggested that grit fracture had happened, while, beside the
fracture section, a blunt area (2) indicated that the grits were

Fig. 5 SEM image of fracture grit and details (a–c)

Fig. 4 Cross section of the grit was not involved in grinding (a–c). (1) Hyaline resin, (2) bonding, (3) cracks, and (4) grits
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transforming to the abrasion wear mode. No obvious changes
were observed under different process parameters.

3.3 Statistics analysis

3.3.1 Wear mode dependences on process parameters

We calculated some statistics about the proportion of wear
modes throughout the whole lifecycle of abrasive belts
(Fig. 14). Abrasive belt wear was a random process involving
many physical parameters. Thus, the lines of wear mode sta-
tistics were slightly fluctuant but did have certain identifiable
tendencies across a large time scale. For those grits that suf-
fered more than one wear mode, we only counted the latest
wear mode.

As mentioned above, four grit behaviors (abrasion,
fracture, pull-out, and not involved) appeared throughout the
abrasive belt lifecycle in each experiment. However, as shown
in Fig. 14, the proportion of any one behavior differed from
the others at various points. Fracture dominated nearly the first
10% of the whole abrasive belt lifecycle, and the peak value of
the proportion of grits suffering fracture was around 35%.
Grits that sustained abrasion slowly increased in number until
becoming the majority after t = 180 s. At the end of the abra-
sive belt lifecycle, the proportion of grits suffering abrasion
reached nearly 60% of the total. Pull-out was not the main
wear mode at any point in the grinding process: an average
of only 8% of the grits dropped from the abrasive surface
without turning blunt. The pull-out phenomenon slightly alle-
viated after the first 10% of the whole lifecycle. Not all the

Fig. 6 Cross section of the grits
that suffered fracture under
different process parameters (a–d)

Fig. 7 SEM images of abrasion grit and detailed image (a–c)
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grits coated on the abrasive belt surface were involved in
grinding. At least 40% of the grits were not involved in grind-
ing even after 20 min of abrasive belt operation, but this per-
centage decreased as grinding progressed. Zhang et al. [22,
23] reported that nearly 50% of total grits were active in a
wheel grinding process, which was smaller compared to our
results. The difference between our results may be attributable
to variations in contact conditions. A contact wheel covered
with an elastic rubber layer was used in our experiments to
bear the normal load, creating elastic contact conditions for
the abrasive belt grinding process. It was quite different with
Zhang et al.’s grinding wheel experiments results, where the
contact conditions were assumed to be rigid [24]. An elastic
contact allowed more grits with lower protrusion height to
come into contact with the workpiece, so the percentage of
not-involved grits was smaller than that under a grinding
wheel. To some extent, an elastic contact may protect the
workpiece surface from secondary damage and cause more
cutting grits to be involved in grinding, resulting in a higher
material removal rate, which were considered to be the two
main advantages for abrasive belt grinding [25].

The effects of process parameters on each wear mode were
also analyzed. Two different levels of normal force and grind-
ing speed were adjusted to conduct three experiments. By
comparing exp. 1 and 3 in Fig. 14(b, c), we found that fracture
and pull-out became more frequent at higher grinding speeds.
A higher normal force also led to a higher incidence of fracture
and pull-out, which was determined by comparing exp. 2 and
3 in Fig. 14(b, c). The latter result was consistent with the
study reported by Wang et al. [8].

3.3.2 Wear modes dependence on grit protrusion height

During the experiments, we also noticed that the protrusion
height of the abrasive belt profoundly influenced the wear
modes due to the protrusion height discrepancy of new and
blunt abrasive belts. Therefore, we measured the protrusion
height distribution of the abrasive belt in exp. 1 at two points:
the beginning and end of grinding, which corresponded to
grinding times from 0 to 60 s and 1307 to 1367 s, respectively.

The abrasive belt surface was composed of many cali-
brated needle-shaped grits that were electrostatically

Fig. 8 Element analysis of
subsurface layers

Fig. 9 Metal layer on the top of blunt area (a–c)
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deposited on the polyester backing. Due to their random
diameters, the protrusion heights of abrasive grits were also
random accordingly. By the method provided in literature
[26], we collected the protrusion heights of new abrasive
belts and blunt abrasive belts in Fig. 15. The mean and
standard deviation for new abrasive belts are μ1 and σ1,
while the mean and standard deviation for blunt abrasive
belts are μ2 and σ2. The distribution of new abrasive belt
protrusion height followed a Gaussian distribution as con-
firmed by a skewness-kurtosis test. However, after grinding,
the distribution of blunt abrasive belt protrusion height no
longer matched with a Gaussian distribution, for the stan-
dard deviation was extremely small. In other words, the
protrusion height of a worn abrasive belt was generally low-
er than that of a new abrasive belt, but its protrusion height
was more uniform. In addition, the worn abrasive belts’
protrusion heights above a certain threshold were artificially
removed, creating a huge difference with new abrasive
belts in maximum protrusion height. It should be noted
that the protrusion height was not zero although the belts
had been ground for more than 20 min, at that time, the
material removal rate was nearly lower than one sixth of
the initial material removal rate. Considering the time cost

of grinding, the abrasive belts should be replaced in a
timely manner.

To explore the internal relation between protrusion height
and wear modes, statistics were calculated on the proportions
of wear modes under different protrusion heights. The protru-
sion heights of new and blunt abrasive belts were quite differ-
ent, as confirmed in Fig. 15, so our statistics were determined
for both new and blunt abrasive belt.

Figure 16 quantitatively describes the difference of grit
behaviors for both the new (grinding time from 0 to 60 s)
and worn (grinding time from 1307 to 1367 s) abrasive belts
in exp. 1. The new abrasive belt (Fig. 16(a)) grits with higher
protrusion heights were likely to sustain fracture, which was
the same as what Eiss reported in the literature [27]. The
specific protrusion height range for fracture was above μ1+
σ1 (0.9 mm). Grits with protrusion height around the mean
value (μ1−σ1, μ1+σ1) (0.4 mm, 0.9 mm) mainly suffered abra-
sion. In contrast, grits with protrusion height lower than μ1−σ1
(0.4 mm) were not likely to be involved in grinding. The pull-
out probability was quite low (maximum of 5.5%); grits
higher than 0.83 mm tended to suffer this wear mode.

Wear modes of the blunt abrasive belt were much simpler.
As shown in Fig. 16(b), abrasion was the dominant mode of

Fig. 11 Cross sections of the grits that suffered pull-out (a–c)

Fig. 10 Cross sections of abrasion grits (a–c). (1) Small fragments, (2) breaches, (3) cracks, and (4) big fragments
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grit wear under the condition of protrusion heights concentrat-
ed from 0.45 to 0.74 mm (μ2−σ2, μ2+σ2). Grits lower than
0.45 mm (μ2−σ2) effectively did not participate in grinding.
There were basically no grits with height higher than
0.84 mm, because fracture and pull-out in the early stage of
abrasive belt wear practically eliminated those grits.

4 Discussion

4.1 Mechanisms for various wear modes

The protrusion heights of grits that suffered abrasion were
generally in the range of σ−μ and σ+μ. Abrasion was the main
wear mode that impaired the grinding ability. The number of
grits that sustained abrasion increased as grinding proceeded
but decreased when the normal force and grinding speed were
amplified.

Figure 17 illustrates the wear mechanism for abrasion in
grinding. Since we abstracted the grits into double-ended
cones, the grits that suffered abrasion with the characteristic
of blunt area can be roughly simplified as flattop cones. These

fragmentary cones consisted of three layers: metal layer, par-
ticle layer, and normal layer from top to bottom.

When contact occurred between the grits and the work-
piece surface (which formed a tribological pair), the two rough
surfaces were, first, subjected to a high level of friction, which
led to local heat dissipation at the contact zone [28]. Owing to
high pressure and grinding speed, the surface of bothmaterials
forming the tribological pair rapidly heated. According to
Mayer’s work [13], the temperature in the grinding area was
around 1500 °C when the mean pulse energy density reached
50 J/mm2. Once the temperature was higher than the melting
point of U71Mn (1370 °C), the workpiece was melted and
then oxidized nearly simultaneously. After the liquid phase
existed, the local friction coefficient decreased since the tribo-
logical pair was sliding under liquid lubrication, so the heat
production was reduced in this local area [9]. Liquids then re-
solidified, leaving the oxides attached on the top of the grit
[13, 14]. After the repeated friction between the grits and
workpiece, the oxide was daubed into a ribbon shape—
metal layer formed.

Grits sliding against the workpiece surface always in-
volved severe deformation and high temperature [18]. The

Fig. 13 Wear transition from fracture to abrasion under different process parameters (a–c). (1) Fracture section and (2) blunt area

Fig. 12 Wear transition from abrasion to fracture under different process parameters (a–c). (1) Debris, (2) cracks, and (3) blunt area
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alumina ceramic that constituted the grits was a typical brit-
tle material. Small cracks inside the particle layer emerged
due to plastic deformation on the top of the particle layer
[16]. Such cracks in the particle layer expended and
bridged, causing small fragments to fall off the main part
of the grit, indicating the particle layer was consumed con-
tinuously. Consequently, the top surface of the particle
layer was not smooth [29].

At a certain depth below the surface, the interior of the grits
was not influenced by heavy plastic deformation associated
with high temperature, nearly no damages were observed, and
the material maintained its original structure. Thus, this layer
was called normal layer. As the wear proceeded, the particle
layer was consumed and became thinner. The influence of
plastic deformation and temperature could then reach greater
depths, so the normal layer turned into the particle layer and

Fig. 14 Different grit behaviors under different process parameters (a–d)

Fig. 15 Distribution of protrusion
height before and after grinding in
exp. 1
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was covered by the U71Mn metal layer again. Then, the grit
repeated the wear process above.

Naturally, as the normal force and grinding speed in-
creased, the effect of plastic deformation and high temperature
was more significant. As a result, the cracks were more fre-
quent. More and larger fragments dropped from the main parts
of the grits, which indicates that the grits were consumed
much faster than before.

Figure 18 depicts the wear mechanism for fracture. The
grits whose protrusion height was higher than μ+σ were vul-
nerable to fracture. As the grinding process went on, the num-
ber of grits that suffered from fracture decreased obviously.
Fracture was mainly caused by the initial pores and cracks that
were formed in the grit production process. A highly multiax-
ial stress state formed inside the ceramic grits once the grits
participated in grinding. Stress concentration existed near the
initial pores and cracks. Since the ceramics was a brittle ma-
terial with strong resistance to compression but weak resis-
tance to tension [30], the damage emerged in these tensile
stress concentration regions. With further loading, new cracks
appeared at the edge of initial cracks and pores, they expanded
in the most unsubstantial direction—the grain boundaries
direction—intergranular fracture occurred [31], as verified in
Fig. 5. With additional wear, more cracks formed. These
cracks bridged together and even penetrated the grits.
Finally, the debris fell from the grits then new fracture section

came into being—the signature feature of fracture. Increasing
the normal force and grinding speed accelerated the genera-
tion and expansion of cracks, which directly increased the
number and width of the cracks inside the grits.

Grinding wheels usually consist of multiple layers of grits
coated on the surface. Some blunt grits on the top surface will
be removed to expose subsequent sharp grits involved in
grinding. However, the abrasive belts consist of only one layer
of grits. There are no replaceable grits in abrasive belt grind-
ing. Accordingly, pull-out means a negative impact on the
grinding ability of abrasive belts. Generally, the mechanism
for pull-out involves two aspects: one is low bonding strength
between the boundary of grits and resin. The other is low
tensile strength inside the resin itself. Researchers [11, 31]
thought that when the grinding force was larger than a critical
threshold, the bond connecting with neighboring grits may
fracture, leading to pull-out. But before the fracture, the defor-
mation of resin may not be noticed by most researchers.
Figure 19 illustrates the mechanism of pull-out for resin-
bonded grits. Multiple studies [12, 32] reported that the resin
is a kind of porous material. Some voids near the grit were
distorted into an ellipse as the result of the force borne by the
grits. This was called void expansion [33]. As deformation
increased, the resin yielded, causing the bridge between two
voids to become thinner and break. Consequently, some
amount of resin bonding usually adhered to the pull-out grits,

Fig. 16 Wear modes probability for new and worn abrasive belts in exp. 1 (a and b)

Fig. 17 Wear mechanism for abrasion
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leaving the pits shaped irregularly. This also explained why
grits that suffered pull-out were concentrated near cracks in
the surface of the abrasive belt. The bonding force on the
interface of grits being lower than the grinding force was also
an important reason responsible for pull-out. Higher normal
force and grinding speed aggravated the deformation of resin
resulting in more grits dropping from the abrasive surface.

4.2 Mechanism for wear mode transitions

The protrusion height distribution changed appreciably due to
the wear during the abrasive belt lifecycle [34], as evident in
Fig. 15. Additionally, a single grit is usually subjected to varied
grinding conditions. The changing grinding condition for the
single grit should be responsible for transition mechanisms.

Figure 20 illustrates the mechanism for wear transition. For
a new abrasive belt, the distribution of protrusion height
followed a Gaussian distribution.When the abrasive belt came
into contact with the workpiece, only a few grits with the
greatest protrusion heights were involved in grinding.
However, the situation was quite different for a blunt abra-
sive belt, whose protrusion height was lower but more
uniform, so more grits contacted the workpiece at the
same moment. Assuming that the normal force stayed
constant during the grinding process, the stress for a sin-
gle grit on a blunt abrasive belt was much smaller than
that of a single grit on a new abrasive belt. Grits borne
greater normal force is likely to suffer fracture. Therefore,
in the early stage of abrasive belt grinding (t < 180 s), the
fracture mode predominated. As wear proceeded, the pro-
portion of grits suffering abrasion rose gradually and then

Fig. 18 Wear mechanism for fracture

Fig. 19 Wear mechanism for
pull-out
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took the majority after t = 180 s. When increasing the
normal force and grinding speed, the transition between
abrasion and fracture was pushed backward, that is, it
took more time for the proportion of abrasion to exceed
that of fracture.

On a microscale level, if the stress underneath the formed
blunt area was greater than a certain threshold, it may cause
subsurface cracks to propagate along the grain boundary.
Eventually, these cracks connected with each other and
opened to the surface. Chunk debris detached from the grit,
leading to fracture. Opposite results were obtained when the
stress was lower than the threshold. The cracks did not extend
any more. Grits that sustained fracture were consumed much
more slowly, and abrasion occurred.

According to the above theories, appropriately increas-
ing the speed and normal force of grinding at the late
stage may induce the abrasion mode to transform to the
fracture mode in order to sharpen the grits and improve
the durability of abrasive belts.

5 Conclusions

The wear mechanisms for alumina grits coated on abrasive
belts in the steel grinding process were investigated by apply-
ing the resin-embedding method to sample cross sectioning.
Quantitative analysis was performed to clarify wear regulari-
ties along the abrasive belt lifecycle. Conclusions were sum-
marized as follows:

1) Fracture, abrasion, and pull-out were the dominant wear
modes in the lifecycle of abrasive belts. In grinding, the
proportion of fracture, first, ascended to around 30% and
then descended, while the proportion of abrasion rose
steadily and exceeded that of fracture after grinding for
180 s. In addition, this time point would be slightly
pushed backward under higher grinding speed and nor-
mal force. Pull-out showed a very low proportion (< 8%).
Nearly 40% of grits were not involved in grinding.

2) Fracture wear featuring with huge fracture section was
caused by initial pores and cracks inside the grits. Under
multiaxial stress, the cracks extended along grain bound-
aries and then bridged together, resulting in debris

dropping from the main parts of grits. Under higher grind-
ing speed and normal force, the width and number of
internal cracks increased. Abrasion was characterized by
a smooth blunt area. The subsurface of a blunt area
consisted of three layers: metal layer, particle layer, and
normal layer from top to bottom. By increasing the nor-
mal force and grinding speed, cracks and fragments
formed in the particle layer. Pull-out was the result of
the low adhesion strength and low tensile strength of the
resin bond.

3) The main reason for wear mode transition was the change
of the grinding condition for a single grit after wear had
occurred. Transition between fracture and abrasion wear
modes was significant in the grinding process.

4) The protrusion height of abrasive grits changed from a
Gaussian distribution to a uniform distribution due to
wear. Grits the protrusion height of which lies in the
range of (μ−σ, μ+σ) were mainly dominated by abra-
sion. Grits lower than μ−σ were likely not involved in
grinding, while grits higher than μ+σ mainly sustained
fracture or pull-out.

The future direction of this work will focus on the forma-
tion mechanism for the layered structure in abrasion grits.
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