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Abstract
Highlighted in many engineering applications, such as bearing and crankshaft grinding, cylindrical circumferential plunge
grinding is a manufacturing process that encompasses multiple stages (roughing, finishing and spark-out) in a series of overlap-
ping steps. Although this is especially a critical process when grinding with aluminum oxide abrasive grits, only a little
information of the subsurface damage is available when applying microcrystalline aluminum oxide grits. In order to evaluate
the influence of the microcrystalline Al2O3 grits content in conventional grinding wheels on the ground subsurface, grinding
experiments were performed. The microcrystalline aluminum oxide abrasive grit content was varied from 15 to 45%. The
morphological characteristics of the grinding wheels were analyzed via X-ray tomography. A single-step specific material
removal rate (roughing condition) was selected to induce microstructural modifications on the workpiece subsurface. The
grinding force was monitored, and its components were determined. The X-ray tomography revealed that with a variation of
the microcrystalline aluminum oxide content, the binder proportion that classified the used and evaluated grinding wheels with
the same hardness does not present the same binder content. This is a piece of information normally not present in the description
of the wheels by the manufacturer and is helpful to explain behaviors on the force and affected layer, not possible only with the
information of grit content and hardness. Investigating the present layers on the modified microstructure suggests the governing
phenomena during cutting, and a deepening of the studies with X-ray tomography helps to explain phenomena that were not
explainable before.

Keywords Cylindrical plunge grinding . Microcrystalline aluminum oxide grits . X-ray tomography . Microstructural
modifications . Grinding force components

1 Introduction

Manufacturing processes compete in terms of cost, quality, time,
flexibility and, recently, sustainability. In this scenario, grinding is
highlighted as it spans from very crude and rough applications in
cutting of materials at high material removal rates (MRR) to
finishing and ultraprecision processes [1, 2]. However, in

grinding, there is always a trade-off between the quality of the
machined product (surface finish and integrity) and the produc-
tivity (MRR and operational cost). Selection of proper grinding
wheel–workpiece combination along with process parameters
such as feed rate, cutting speed, and depth of cut plays a key role
in producing a high-quality product with higher productivity [3].

External cylindrical circumferential plunge grinding poses
a complementary challenge from the characterization/
evaluation perspective, as the surface is constantly under ma-
terial removal and therefore affected by constant workpiece/
grinding wheel interactions [4]. The cycles of heating and
cooling that occur on the ground surface in association with
several overlaps of material removal lead to cyclic changes on
the material microstructure and properties [5]. The knowledge
of the damage extension is a key aspect that aids in developing
an effective grinding operation planning [6], as well as studies
on the modeling of phase transformation after the grinding
process [7].
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The use of microcrystalline sol-gel aluminum oxide (SG-
Al2O3) grits in conventional vitrified grinding wheels came as
an alternative, showing intermediate properties between
electro-fused Al2O3 and cBN abrasives. The continuous de-
velopment of these abrasives started in the 1960s; however,
the industrial application only began recently. The differential
wear behavior of this abrasive is due to the microcrystalline
sintered structure, endowed with micro- and, in particular
cases, nano-crystallites of Al2O3, granting higher toughness
and wear resistance than electro-fused Al2O3. The higher
dressing flexibility and lower cost than superabrasive abrasive
grinding wheels are also a decisive factor when selecting this
type of grinding wheels [8].

The focus of researches and case studies with the use of SG
microcrystalline Al2O3 concerns about wear of grinding
wheels, showing greater advantages in terms of wear resis-
tance and efficiency (higher G-ratio) when compared to
electro-fused Al2O3 [9–11]. Early studies have shown that
the best results are associated with a higher material removal
rate, due to the differentiated sol-gel grain splintering mecha-
nism [7, 11, 12]. Brunner [13] observed, during plunge grind-
ing of bearing steel (AISI 52100) with 100% concentration
sol-gel Al2O3 grinding wheel, that the micro-wear changes
from a severely deformed grain surface to a micro splintered
surface as the specific material removal rate changes from 1 to
4 mm3/mms. This statement was later investigated by Klocke
et al. [14], during pin on disk scratching tests. The authors
determined that the wear of sol-gel aluminum oxide is affected
by severe plastic deformation of the outmost abrasive grain
layer, involved in a complex chemical reaction and oxide layer
formation, which promotes a friction reduction.

However, only a handful of authors investigated the sub-
surface damage on steel components caused by the presence
of microcrystalline sol-gel Al2O3 grits on the grinding wheel
structure [10, 15–17]. The evaluation performed by the au-
thors was restricted to the surface grinding process, showcas-
ing evaluations where only the utmost material layer is re-
moved. In contrast, the cylindrical plunge ground surface is
the target of several layers of material removal, promoting a
complex phenomenon of subsurface modifications.

Usual modifications on the subsurface scale range from
plastically deformed zones, martensite to ferrite/pearlite trans-
formations, and ferrite/pearlite to martensite phase transfor-
mations. These modifications are identified as the white layer
(composed of untempered martensite and retained austenite),
dark layer (composed of overtempered martensite), and plas-
tically deformed layer. The appearance of these phenomena is
intrinsically correlated to the grinding process mechano-
thermal and thermo-mechanical loads [18, 19].

Kitamura and Gotanda [10] evaluated the residual stress
profile with an increase of the stock removal (wheel life), after
surface grinding of an AISI 1055 steel. Conventional white
fused and sol-gel aluminum oxide grinding wheels were used

in the experiments. Results show a continuous and rapid in-
crease in the residual stress, shifting from compressive to ten-
sile stress for the electro-fused grinding wheel, whereas the
SG grinding wheel presented a steady and small increase rate
of the compressive residual stress.

In a similar approach, Fathallah et al. [15] compared the
results when grinding of AISI D2 steel with conventional
wheels with white fused aluminum oxide and with sol-gel
aluminum oxide. The depth of the modified layer was evalu-
ated in terms of residual stress, under several specific material
removal rates (Qw′). For an increase in the Qw′, the results
show a rapid increase in the residual stress (from initial com-
pressive to tensile) for the white fused aluminum oxide,
whereas the sol-gel aluminum oxide presented a steady in-
crease rate on the residual stress.

Madopothula et al. [16, 17] observed, when surface grind-
ing of AISI 52100 steel with a specific material removal rate
of 1.2 mm3/mms, a higher grinding force, temperature rise,
and thicker boundary-affected layer when grinding with sol-
gel aluminum oxide, in comparison with white fused alumi-
num oxide abrasives grinding wheels.

This study aims to fill the knowledge gap of subsurface
damage evaluation when using SG grinding wheels in cylin-
drical plunge grinding. The experiments were conducted dur-
ing external cylindrical plunge grinding of an AISI 1040 steel
with grinding wheels with microcrystalline Al2O3 content up
to 45%.

2 Materials and methods

2.1 Machine-tool and experimental setup

Single-stage external cylindrical plunge grinding cycles were
performed on a CNC Zema Zselics Pratika Flexa 600 L cylin-
drical grinding machine-tool. The grinding experiments were
performed with grinding wheels, containing concentrations
85%, 70%, and 55% of electro-fused Al2O3 and 15%, 30%,
and 45% microcrystalline sol-gel Al2O3 as grit balance. The
steel probes were mounted on a KISTLER INSTRUMENTE
AGRCD 9124B1111 rotating dynamometer on the machine’s
workpiece spindle (headstock). Figure 1 illustrates the overall
experimental setup for the grinding experiments.

At the start of each grinding section (not including exper-
iments with increasing specific material removal Vw′), the
grinding wheels were dressed with a dressing disk embedded
with diamond abrasive grits. The specific material removal
Vw′ was increased at each fixed cycle interval, in order to
evaluate the wear influence on the force/energy generation
and subsurface damage. Along with microstructural character-
ization of the ground surface, the specific grinding force com-
ponents, tangential Ft′ and normal Fn′, were calculated.
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Table 1 details the input and system parameters employed
during the experiments.

The radial feed rate vfr increased as the workpiece diameter
(dw) decreased, in order to keep the specific material removal
rate constant. In favor of evaluating the respective subsurface

damage at each specific material removal rate, the grinding
cycle was performed without spark-out time, through quick
reversion of infeed motion.

The evaluation of the subsurface damagewas performed by
increasing the specific material removal interval up to Vw′ =
1000 mm3/mm or intense noise due to vibration on the pro-
cess. The latter criterion was adopted due to the low stiffness
of the force measurement system, characterized by intense
chatter.

2.2 Tool and workpiece

2.2.1 Grinding wheel

The grinding wheels presented an initial geometry of 400 mm
× 203.2 mm × 30 mm, with average abrasive grain size FEPA
80 (~ 185 μm), hardness J, porosity 6, and vitreous bond
produced specifically for the ongoing research project by
Krebs & Riedel, Germany, with an SG microcrystalline
Al2O3 grit content of 15%, 30%, and 45%, denominated
MC15, MC30, and MC45 respectively. The grinding wheels
were characterized in terms of structure/phase fraction (binder,
pores, abrasive grits) as a means to compare the input infor-
mation from the manufacturer and observe the phase distribu-
t ion . This ana lys i s was per formed us ing X-ray
microtomography technique, using a Versa XRM-500
tomographer. The image acquisition parameters for the com-
puter microtomography are shown in Table 2.

Cylindrical probes with 4-mm diameter and 10-mm length
of the samples were trepanned out of the grinding wheel pe-
riphery and characterized in terms of phase distribution using
the software Avizo and Imago. The phases were segmented
into separated images, and the overall fraction of the phases
was measured along the cylindrical sample length and is
depicted in Table 3.

Table 1 Input and system
parameters Grinding wheel geometry/specification [mm] 400 × 203.2 × 30/A80J6V

Grinding wheel peripheral speed vs [m/s] 30

Workpiece peripheral speed vw [m/min] 30

Specific material removal rate Qw′ [mm3/mms] 4, 5, 6

Specific material removal Vw′ [mm3/mm] 50, 200, 500, 1000

Width of cut ap [mm] 10

Dressing overlap ratio Ud 1

Dressing depth aed [μm] 10

Effective dressing width bd [mm] 0.8

Total dressing depth [mm] 0.2

Cutting fluid Ecocool AP 71

Cutting fluid application method Flooding

Cutting fluid concentration [%] 3

Cutting fluid flow [l/min] 20

Workpiece holder

Dynoware
TM

Signal

processing F ,n

F calculationt

Signal
conditioner

Workpiece
spindle

Headstock

Grinding
wheel
driver

Grinding
wheel

Workpiece

Rotating cutting
dynamometer

Stator

Dressing
disc

Radial feed

rate vfr

X +

X –

Z +Z –

Fx Fy Mz

Fraw

Cylindrical Grinding Machine, Zema Zselics

Nut/washer

a)

Machine’s workpiece spindle

Protective cover

Dynamometer

Grinding
wheel

Ring-shaped workpiece
and workpiece holder

b)

Fig. 1 Experimental setup for the experiments: a schematic illustration
and b detailed view of the grinding machine and grinding force
measuring system
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When comparing the volumetric fraction of the binder of
the three analyzed probes, the results showed that for the
grinding wheel MC15 the volumetric binder content is much
higher from that of the MC30 and MC45 probes. The volu-
metric fraction of abrasive grits (Vg) is approximately 5%
lower for the MC15 sample, whereas the pore fraction (Vp)
of theMC30/MC45 samples is 6% higher than theMC15. The
11% higher binder content for the MC15 wheel is believed to
be an intentional manufacturing step as means to maintain the
grinding wheel hardness at a similar level when comparing
grinding wheel hardness by sandblasting, provided by the
manufacturer. The hardness for all grinding wheels was kept
at a constant magnitude of 50 GPa.

2.2.2 Workpiece

The mid-carbon steel AISI 1040 (quenched and tempered to a
hardness of 370 ± 30 HV) ring-shaped workpiece probes (ini-
tial OD dwi = 50 mm, ID dint = 25 mm, width s: 10 mm)
component, shaped to fit on the Kistler AG dynamometer
(Fig. 2).

The workpiece matrix is composed of temperedmartensite,
indicating little content of free ferrite (white regions).

2.3 Force measurement

Grinding force components Fn and Ft were deduced from the
measured the grinding force components Fx, Fy, and moment
Mz with a shielded Kistler Instrumente AG piezoelectric dy-
namometer RCD 9124B1111, shaped as a workpiece-holder, a
stator 5221B, and multi-channel signal conditioner 5223B2
mounted on the machine’s headstock spindle, and the work-
piece was fixed on the dynamometer (Fig. 3).

The electric dynamometer signals were processed with a
built-in low-pass filter of 1 kHz (according to the equipment
manufacturer’s manual). For the grinding force component’s
calculation, an average workpiece diameter was considered
(considering the workpiece initial and final diameter).

The electric signals were processed with the aid of
MATLAB®’s interface and toolbox, applying a low-pass
equiripple filter of 58 Hz. A region of interest of the measured
signal was selected and employed to determine the average
and standard deviation values for the force components.

2.4 Subsurface damage analysis

The subsurface damage was characterized through optical mi-
croscopy of the transversal section of the workpiece. The im-
ages were obtained using an Olympus BX60M optical micro-
scope, in combination with a Leica application Suite LAS EZ
software. The ring-shaped samples were sectioned in four sec-
tions (90° apart) and embedded in a thermosetting phenol
formaldehyde resin (Bakelite - (C6H6O·CH2O)n). Samples
were sanded with decreasing SiC grit size abrasive papers
(mesh # 80, 150, 200, 320, 400, 600, and 1200), polished with
an aqueous suspension of 0.3 μm grit Al2O3 and etched with a
Nital 2% (nitric acid + alcohol) for microstructural revelation.

Twomicrographic photos of each section were selected and
processed with an open-source image processing software
(FIJI). A Trainable Weka Segmentation plugin, developed by
Arganda-Carreras et al. [20], which combines a collection of
machine learning algorithms with a set of selected image fea-
tures to produce pixel-based segmentation, was used to seg-
ment different regions of the obtained metallographic photog-
raphy. For each section analyzed, a color segmented image
was obtained and then processed (Fig. 4). The area of each
segmented feature was divided by the image width, calculat-
ing the average thickness of the boundary-affected layer
(BAL).

Along with the quantitative evaluation of the alterations, a
qualitative evaluation, based purely on observation, was con-
ducted. The following features were observed: the presence of
white layer (untempered martensite UTM) and the presence of
dark layer (overtempered martensite OTM). These

Table 3 Average volumetric phase fraction concentration according to
different grinding wheels

Sample Phase Phase fraction (%) Connected phase* (%)

MC15 microcrystalline 6.7 -

monocrystalline 43.1 98.0

binder 21.5 98.6

pore 28.6 98.3

MC30 microcrystalline 16.4 27.4

monocrystalline 37.9 98.5

binder 9.3 73.6

pore 33.8 98.7

MC45 microcrystalline 21.8 85.1

monocrystalline 33.1 96.7

binder 10.3 73.3

pore 34.8 99.3

*This is the fraction of the percolant phase. Even if the phase permeates
the sample, a small portion (in most cases) remains isolated

Table 2 X-ray microtomography acquisition parameters

Technique (scale) Microtomography

Resolution (image pixel size) 3.83 μm

Image size 988 px × 1011 px

Camera binning 2

Font 60 kV/5 W

Exposition time 5 s

Angular step 0.225°
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characteristics were evaluated in terms of a binary observa-
tion: 0 for a section without the feature and 1 for a section with
the feature.

3 Results and discussion

3.1 Grinding force components

The grinding force components reflect the overall process,
especially the abrasive grain wear behavior. Monitoring grind-
ing force allows concluding about the energy generation on
the cutting zone and, therefore, understanding material alter-
ations. In this scenario, Fig. 5 shows the behavior of the spe-
cific grinding force components along the specific grinding
volume when grinding the AISI 1040 steel probes with the

employed grinding wheels and the specific material removal
rates.

It is observed that, when increasing the specific material
removal along the grinding operation, there is a quasi-
proportional increase of the grinding force components at
the beginning. This is also stated in the literature. During
grinding, the abrasive wear of the most protuse grits increases
the number of kinematic cutting edges (i.e., decreasing the
effective chip thickness in the cutting direction and increasing
the sum of the contact length in the cutting direction) and thus
increasing the force components. Due to an increase in mate-
rial removal, the increase of the grinding force leads to more
intense noise and chattering. Chattering was defined as the
end of the grinding wheel life.

By employing aQw′ 4mm3/mms, an increase ofmicrocrys-
talline grits from 15 to 30 and 45% shows a significant in-
crease of the ground volume, without detection of chattering.
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Rotating cutting
dynamometer
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Nut/washer
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Fig. 3 Force measuring system: assembly (a) and detailed exploded view (b)
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The established ground volume of Vw′ of 1000 mm3/mm was
reached while grinding force components were still in the
comfortable region.

Increasing the specific material removal rateQw′, from 4 to
5, and 5 to 6 mm3/mms, the depth of cut ae, consequently, the
undeformed chip thickness hcu and number of cutting edges
Nkin increases, leading to higher grinding forces. The load on
the grit is more intense; the grinding wheel grits present higher
wear rate and a shorter life. All the experiments were
interrupted because of chattering. When grinding with Qw′
of 5 mm3/mms, the MC45 showed superior results than
MC30. For Qw′ = 6 mm3/mms, the results for MC30 and
MC45 did not evidence any difference in the force
measurements.

The presence of microcrystalline Al2O3 on the grinding
wheel structure led to a few particular behaviors: for a Qw′
of 4 mm3/mms, MC15 grinding wheel exhibited slightly
higher forces than MC30 and MC45; for a Qw′ of 5, MC15
and MC30 presented slightly higher forces than MC45; and
for a Qw′ = 6 mm3/mms, there are no statistical differences
between the grinding wheels.

While the grinding force components presented statistically
similar values between microcrystalline contents, grinding
wheels with higher content of MC grits presented longer
grinding wheel life, owing to the fact that for a similar loading
condition, MC grits do not splitter as electro-fused Al2O3 and
keep a stable cutting condition along the grinding wheel life
[13].

Since the dominant abrasives for all the grinding wheels are
of the monocrystalline type, a similar grinding force magni-
tude was expected for the MC15. The early increase of the
cutting forces for the MC15 wheel is influenced by the higher
content of binder as for the MC30 and MC45 wheels. The
MC15 wheel presents higher micro-wear than the other two
wheels and, due to flatting of the grits, leads to early chattering

for the three analyzed grinding rates (Qw′). The higher binder
content hinders the monocrystalline abrasive grit splintering,
leading to an early chatter. Also, the discrepancy in the volu-
metric fraction of the phases points out that the higher con-
centration of abrasive grits (and the kinematic cutting edges
for that matter) are prone to reduce the chip thickness param-
eter and, thus, increase the grinding force.

Additionally, the binding strength provided by the binder
bridges on the monocrystalline and microcrystalline abrasives
is different. Due to the smoother surface of the monocrystal-
line Al2O3 grit, the binder bridges have a lower real area of
anchorage, whereas the microcrystalline Al2O3 presents a
rougher surface, thus increasing the binding resistance.

In this sense, the increase in the binder content (as means to
maintain the grinding wheel hardness by sandblasting) hin-
dered the monocrystalline abrasive grit splintering, effectively
increasing the grinding wheel hardness in use. In the same
manner, it reduced the abrasive grit content.

In terms of abrasive grit type, studies reported by other
authors illustrated an interesting behavior. Madopathula
et al. [16] reported results after surface grinding, focused on
finishing conditions (Qw′ of 1.2 mm3/mms). In their study, the
presence of SG grits led to an increase of the grinding force
components with the increase of the specific material removal,
owing to the higher toughness of theMC grits when compared
with white aluminum abrasive grits.

Uhlmann et al. [21] reported, during external cylindrical
plunge grinding, a decrease in the grinding force components
with the increase in sol-gel alumina content. The grinding
conditions selected by authors were primary roughing cycles
(Qw′ of 8, 10, and 12 mm3/mms) grinding AISI 52100 steel.

Brunner [13] calculated the critical specific normal force
Fn, crit′, the force necessary to cause grit fracture of microcrys-
talline grits. The author observed, in internal cylindrical
plunge grinding, that for low Qw′ (< 4 mm3/mms), this factor

20 µm

Bakelite White layer Dark layer

Bulk material Bakelite White layer Dark layer

Bulk materialGrain boundary

Fig. 4 Contrast-enhanced micrography: original image (a), grayscale image (b), and color segmented map (c)
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is high for MC Al2O3. As the specific normal force increases,
the factor decreases, requiring less force to initiate grit fracture
and, thus, lower normal forces.

The behavior of the grinding force components for the
lower sol-gel content was not expected and only understood
after the microtomography evaluation with an image process-
ing procedure . This showcases the poten t ia l of
microtomography tools in understanding the grinding process.

3.2 Subsurface damage

Evaluation of the subsurface damage is of major concern,
whether to avoid alterations on material properties or to
induce transformations on the subsurface (e.g., grind-
hardening heat treatment). The knowledge of the
boundary-affected layer thickness is a requirement for ef-
ficient operation planning. In this context, Fig. 6 represents

the measured depth of the affected layer for the
experimented conditions. The feature analysis (on the right
side) describes the number of sections along the probe
periphery that presented a white/dark layer.

At first glance, there is no immediate correlation between
the measure boundary-affected layer thickness and the input
system variables (Qw′ and Vw′), as well as the grinding force.
The large dispersion of results is accounted for the nature of
the cylindrical plunge grinding overlap characteristic.

There is a slight difference between the grinding wheels’
ground subsurface, which implies that the type of abrasive grit
involved during the surface formation had a substantial effect
on the boundary-affected layer. For the lowest MC grit con-
tent, the predominance of the monocrystalline aluminum ox-
ide is greater, which led, at the first Qw′ (4 mm3/mms), to a
BAL of 10 μm. This value decreased and then increased for
the upcoming specific material removal intervals.
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The MC30 abrasive grit showcased a uniform formation of
boundary-affected layer along the investigated sections. The
higher content of MC abrasives (and less binder) led to more
stable and frequent microchipping of this type of grits, leading
to uniform boundary-affected layer thickness.

However, for the MC45 grinding wheel, the behavior was
predominantly different. The higher presence of MC abrasive
grits led to large boundary-affected layer thickness at the in-
termediate Vw′ interval. The increase in the boundary-affected
layer was associated with the presence of a dark layer, which
indicates a high-temperature gradient.

For a higher specific material removal rate of 5 mm3/mms,
the MC15 illustrated an initial decrease and then increase on
the BAL thickness with each volumetric interval. Since the
characteristic layers are initially untempered martensite but

become increasingly untempered and overtempered martens-
ite, it is hypothesized that an increasingly intense abrasive
wear took place, favoring friction.

A rapid BAL thickness increase was detected for theMC30
as the material removal increased. This was associated with
only the detection of white layers. The higher content of abra-
sives led to early chipping of the monocrystalline grits and
protrusion of the microcrystalline grits.

The MC45 illustrated an inverse behavior in comparison to
the previous Qw′, with a thick initial boundary-affected layer,
that reduced at the intermediate intervals, but ultimately in-
creased at the last Vw′. Most of the microstructure phase trans-
formations were detected as white layers; however, white lay-
er associated with dark layer was also found at the initial
interval.
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Fig. 6 Average boundary-affected layer thickness (left) and microstructure features (right)
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For a Qw′ of 6 mm3/mms, the MC15 and MC30 presented
an initial thicker boundary-affected layer that decreased at the
last volumetric interval. The MC45 demonstrated a constant
BAL magnitude. The presence of the dark layer was detected
for the initial MC15 volumetric interval and for the last grind-
ing interval of the MC45 subsurface.

It is important to state that the mechanism of white layer
formation is a topic of the ongoing investigation. Base litera-
ture explains that the formation of such layer is due to several
mechanisms, and the structure itself is referenced as untem-
pered martensite with the dispersion of retained austenite [18].
In grinding, these mechanisms are influenced by the thermal
and mechanical severity of the process.

An intense plastic deformation leads to a large motion of
discordances and atom displacements. Since the region closest
to the border is under the heaviest shearing load, the micro-
structure deforms to the point where there is a grain refine-
ment, causing the layer to appear under optical microscopy as
a bland and blank [22, 23]. In some cases, it was also detected
the presence of twinning due to the heavy plastic deformation
[19]. This mechanism also aids to increase the free energy for
material transformation, reducing the necessary thermal ener-
gy for phase transformation [19].

Additionally, the intense heat generated by the grinding
process leads to a local temperature rise. If the workpiece
temperature reaches magnitudes above the austenitization
point (Ac3) and is quickly cooled below the martensite finish
point (Mf), the resulting structure is martensite in nature
[22–24]. This phenomenon in grinding is achieved by the
self-quenching mechanism, where the high-temperature gra-
dient caused by small layer under removal and the surround-
ing workpiece leads to high heat flux to the material interior
(self-quenching) [22, 23], provided that the cutting fluid does
not reach the cutting zone. Since the grinding contact time is
short, there is not a time for grain growth, causing the structure
to be nanometric in scale and, therefore, blank/featureless un-
der optical microscopy [19].

In contrast, dark layers in steels are often referenced as
overtempered martensite layers. If the heat on the subsurface
is high enough to cause a temperature increase above the
previous tempering point, tempering will occur [22, 23].

Several mechanisms affected the boundary-affected layer
formation. Since no correlation between the grinding forces
and the boundary-affected layer could be drawn, a few hy-
potheses were taken into consideration:

Abrasive grit wear, which implies that for a lower Qw′, a
predominance of abrasion wear and grit flattening (which fa-
vors friction/rubbing), whereas in increasing theQw′, the wear
mechanism shifts to microchipping, with cutting edge renewal
(self-sharpening), favoring the cutting [25, 26].

Cylindrical plunge grinding characteristics: at each possi-
ble complete rotation of the workpiece, the temperature rises
to a certain peak, cools down, and rises again on the next

cycle. Since the new initial temperature of the workpiece is
different from the ambient temperature, it is expected that heat
does not conduct fast enough, and therefore, temperature
maintains within the workpiece. This cyclic behavior is also
true when concerning the microstructural alterations on the
boundary-affected layer, evidenced by the cyclic temperatures
above and below the austenitization temperature (Ac3), caus-
ing quench and tempering effects [5].

Since the depth of the boundary-affected layer is consis-
tently thicker than the depth of cut, a portion of the ground
surface is affected by the overlapping ofmicrostructure chang-
ing events, governed by the number of rotations. The constant
changing of ground surfaces may induce to an uneven
boundary-affected layer thickness.

Microcrystalline (sol-gel) Al2O3 grit properties: it was hy-
pothesized by Klocke et al. [14] and Mayer et al. [12] that the
higher concentration of imperfections in sol-gel corundum
reduces the mean optical path length of the phonons (funda-
mentals packets of energy exchanged during lattice vibra-
tions), resulting in lower heat conductivity. This leads to a
spike in the temperature on the conditions of higher micro-
crystalline abrasive content.

Grinding wheel volumetric content: the microtomography
analysis revealed discrepancies on the volumetric phase frac-
tion (grits, pores, and binder). By increasing the volumetric
binder fraction, the splintering of the monocrystalline abra-
sives is hindered by the binding system. Increasing the num-
ber of grits (MC30 andMC45) increases the kinematic cutting
edge number, decreasing the chip thickness. This leads to
higher shearing forces and, consequently, higher discordances
dislocations.

Therefore, the effects of the grinding input parameter (Qw′),
the wear state of the grinding wheel (through Vw′), and the
abrasive mixture on the boundary-affected layer thickness are
a controversial topic. The multi-effects caused by several fac-
tors increase the dispersion of results, making difficult to iso-
late the contributions of each phenomenon.

4 Conclusions

The influence of sol-gel (microcrystalline) aluminum oxide
grits concentration in conventional grinding wheels, as well
as the process severity, evaluated by the specific material re-
moval rate and specific material removal, was investigated.
Discrepancies in the results, which could not be explained
by the logic of the grinding process behavior showed a better
understanding after an X-ray microtomography analysis. This
analysis revealed discrepancies on the grinding wheels’ pores,
binder, and abrasives’ content not shown in the wheel label.
The grinding wheel selection for the purposed investigation
considered that all the grinding wheels were manufactured
with an equal phase distribution. The analysis of the results
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thereafter (grinding force components and subsurface dam-
age) were better understood after verifying content modifica-
tion by the X-ray microtomography analysis, highlighting the
importance of further evaluation of the grinding wheel
structure.

Although the presence of microcrystalline grits on the spe-
cific grinding forces (Ft′ and Fn′) did not evidence a distin-
guishable trend, increasing the microcrystalline grit content
led to a longer grinding wheel life, which in turn led to the
maintenance of the grinding force for a longer period.

Increasing the specific material removal rate (Qw′) led to a
more pronounced chatter at lower specific material removals
(Vw′) and therefore earlier grinding wheel end of life.

The boundary-affected layer formation was not mainly af-
fected by the thermal load on the ground surface. Indications
of white layer presence without dark layer hint for the forma-
tion of white layer aided by severe plastic deformation. Only a
few conditions illustrated the presence of white layer accom-
panied of dark layer, conditions where the abrasive wear was
believed to be severe, causing the flattening of the grit and
thus increasing the rubbing/friction of the grit.

Increasing the microcrystalline aluminum oxide content in
the grinding wheel did not present a clear trend on the
boundary-affected layer thickness; however, a few hypotheses
were drawn. The results suggest a shift on the predominance
of the abrasive grit, from the monocrystalline to the micro-
crystalline with the increase of the specific material removal
and/or increase of the specific material removal rate.
Therefore, the boundary-affected layer thickness was likely
to reflect the grinding wheel micro-wear, the abrasive grit
volumetric content, and the abrasive grit properties (heat con-
ductivity and toughness), in a combination of the material
removal particularities of the external cylindrical plunge
grinding.
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