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ABSTRACT

Wear of vitrified alumina wheels is a major research issue. Although extensive experimental work has been presented in the scientific literature, wheel manufacturers
and grinding users are still unable to predict the expected grinding ratio of their operations. This work presents a novel multiscale approach that integrates the
mechanical behavior of vitrified bonds with the stochastic nature of grain location. The new multiscale model integrates a DEM microscale model (uSM) and a
randomization of the uSM (RuSM) of the wheel. The SM simulates the stress field in the region of the wheel in contact with the workpiece, while RuSM accounts for
the actual and random location of the alumina grits. This approach drastically reduces computational time and effectively determines the actual number of grains lost
under a set of given grinding conditions. The model successfully predicts the detachment of complete clusters of abrasive grains from the bonds, with a large degree of
agreement with experiments considering the deviation introduced by the micro-cutting edges that modify the hypothetical spherical geometry of the Discrete El-
ements (DEs). This is the first model to predict the volumetric wear of grinding wheels. The results will be useful for informing the future analysis of grinding

operations affected by volumetric wear.

1. Introduction

High-technology manufacturing sectors recognize that the grinding
process is a key technology for the production of high added-value parts
[1]. Cutting-edge industrial applications include the finishing of turbine
blade roots or landing gears in aeronautic industry [2], transmission
gears for the automotive industry [3] or critical parts in the
machine-tool or marine industry [4]. In some cases, there is a need for
high material removal rates (comparable to those of milling), together
with high geometrical and dimensional precision, and extreme surface
quality [5]. The growing need for tight tolerances and excellent surface
finish in difficult-to-machine materials such as nickel-based super alloys
[6], titanium alloys [7] or hardened steels [8] has also encouraged the
development of advanced grinding applications. Although many of
those applications are well suited to super abrasive grinding, the recent
advances in vitrified alumina grinding wheels allow for considering this
option as an optimum solution. The advantages of vitrified alumina
technology include a lower cost when compared to super abrasive
wheels; the improved performance of the latest developments of
alumina grains [9]; a much more efficient dressing/trueing process of
vitrified alumina [10]; and excellent performance in creep-feed grinding
applications [2] since their controlled porosity can effectively support

chip removal. Conversely, brittleness and increased risk of bond
breakage are the main disadvantages.

The wear of vitrified alumina wheels is an issue of central concern for
researchers. Classic grinding references [11] have identified three main
wear mechanisms: attritious wear, grain fracture, and bond fracture.
These phenomena are explained in terms of high local pressures (1-2
GPa), temperatures, and the chemical reactions between wheel and
workpiece. The performance of a vitrified alumina wheel would thus
depend on grit type and size, and the quantity, type, and porosity of the
bond. Bond fracture is related to volumetric wear, which is classically
quantified using the grinding ratio G. The scientific literature has
gathered evidence to show that bond fracture, and therefore, volumetric
wear, are related to the breakage of vitreous bond bridges. In the 70’s,
Malkin and Cook [11] had already proposed using a bond-stress factor to
account for the probability of fracture of the vitreous bridges. One of the
most significant contributions toward fully understanding vitreous
bonds was published by Jackson [12]. This study was conducted to
determine the effect of the sintering treatment on the mechanical
behavior of vitreous bonding. In the case of vitrified alumina, the author
observed fractures at the bridges and on the interface between the
abrasive grit and the vitreous material. The author confirmed that the
theory of brittle fracture is valid for vitreous bonding. Further, evidence
was found for an association between the dressing operation and the
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Nomenclature

a, real depth of cut (mm)

[« dressing depth of cut (mm)

d, grinding wheel diameter (mm)
dg average grain diameter (mm)
dgmax maximum grain diameter (mm)
dgmin minimum grain diameter (mm)
DEs spherical discrete elements

DEM discrete element method

[ specific grinding energy (J/mm®)
E* combined elastic properties of the grinding wheel and

workpiece (GPa)
grinding wheel and beam Young modulus (GPa)
fe centrifugal force in each DE (N)

Fp, F; normal and tangential grinding force (N), tangential
grinding force (N)

F,’, F  normal and tangential grinding force per unit width (N/
mm)

Fhnew’  new normal grinding force per unit width (N/mm)

F; new’ ~ new tangential grinding force per unit width (N/mm)

G grinding ratio

hg height of microscale model (mm)

K contact stiffness (N/m)

[ contact length (mm)

Iy dynamic contact length (mm)

I geometrical contact length (mm)

L, beam length in DEM (mm)

m grinding wheel mass (Kg)

m; mass of each DE (Kg)

M sieve number

N; new, N new number and number of discrete elements removed

2 specific power (KW/mm)

Q’ specific metal removal rate (mm?®/mm-s)

qs velocity ratio

T distance from the center of each DE to the center of the
wheel (mm)

T, ratio between cohesive beam radius and average DE radius

R; distance from the outermost grain to the center of the
RuSM (mm)

R, roughness factor

RuSM randomization of the uSM

Uq dressing overlap

V4 dressing axial feed (mm/min)

A abrasive volume fraction (%)

V porosity volume (%)

Vs cutting speed (m/s)

Vs specific volumetric wear (mm®/mm)

Vi work speed (m/s)

Vi specific volume of metal removed (mm®/mm)

S¢ grain shape factor

w grinding width (mm)

Say average grit penetration (mm)

Scnews ¢ New and critical grit penetration (mm)

Smax maximum grit penetration (mm)

[ grinding wheel and beam poisson ratio

A radial wear (mm)

c normal tension of beams in DEM (MPa)

T tangential tension of beams in DEM (MPa)

p grinding wheel density (Kg/m>)

of, Of, grinding wheel and DEM beam failure stress (MPa)

u friction coefficient

uSM microscale modelw rotational speed of the grinding wheel
(rad/s)

initial presence of microcracks. The generation of cyclic
thermo-mechanical loads during grinding would thus lead to crack
propagation, and eventually, bond fracture.

In a later study, Herman and Markul [13] examined the influence of
vitrified bond composition on the minimization of volumetric wear.
Their experimental findings revealed that a glass-crystalline bond could
increase the G ratio 10 times when compared with that of a common
glass bond. Glass-crystalline bonds promote microchipping as the main
wear mechanism in the bond. In contrast, the amorphous structure of
conventional vitreous bond characterized by the absence of intergran-
ular boundaries is responsible for much lower values of fracture
toughness (as much as 3 times lower than those of a glass-crystalline
bond structure). The authors modelled this result by modifying Grif-
fith’s equation, results that were later confirmed for CBN wheels [14]. In
this work, the radial wear using a glass-crystalline bond was around 28%
lower than that using conventional glass bond. The experimental nature
of the research provides a better understating of the mechanical prop-
erties of the bonds.

More recently, experimental works have confirmed previous findings
on the nature of volumetric wear. In Ref. [15], the accuracy of charac-
terizing the grinding profile of the inner ring groove of 6208 ball bear-
ings was studied. The authors developed a new pneumatic probe for
on-line measurement of wheel wear, in which the sensor is validated
using a vitrified white fused alumina (A100L5V) profiled wheel. The
results revealed an uneven distribution of wear that affects part accu-
racy. While the various wear mechanisms were present, a high wear rate
was observed during the initial stage of grinding, since entire abrasive
grains are readily emitted from the bond. A complete analysis of wear
patterns for different types of vitrified alumina wheels during creep-feed
grinding of Ni-based superalloys can be found in Ref. [16]. Again, the

authors acknowledged the role of the different types of wear and found
that for low removal rates, wear is largely governed by the occurrence of
attritious wear, workpiece adhesion and wheel loading. However, when
increasing Q’, the mechanism changed, and clear evidence of grain
fracture and bond bridge fracture appeared. The dominant wear mech-
anism depends on the aggressiveness of the grinding process. Thus,
fracture wear is not dominant when the grinding conditions are not
aggressive (e.g., in finishing) where the wear is primarily attritious. In
Ref. [2], the research focused on the effect of wheel wear in the grinding
of fir-tree geometries for turbine blade roots. Profiled vitrified micro-
crystalline alumina wheels were used for the creep-feed grinding of Ni
alloy. The authors demonstrated that wear is more concentrated around
wheel peak regions than valley regions. As expected, different wear
mechanisms overlap, but fracture of bond bridges is recognized as a
critical phenomenon in the wheel peak regions. The authors developed
an experimental model for wheel wear prediction for this application,
but without considering the mechanical properties of grains and vitrified
bond.

The development and application of theoretical models for the
behavior of the bond bridges during grinding requires sound experi-
mental characterization of the mechanical properties of the wheel ma-
terial. These properties, such as elastic modulus and ultimate strength,
can be measured through three and four-point bending tests. The Bra-
zilian test is a widely employed indirect method used for determining
the tensile strength of brittle materials, including ceramics, concrete,
rocks, and composites. During the Brazilian test, a cylindrical specimen
is positioned between two compressive loading platens. By applying a
diametrical compressive force to the specimen, it is subjected to con-
ditions that induce tensile stresses perpendicular to its vertical diameter.
This setup allows for the evaluation of the specimen’s tensile strength
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through its failure. Brazilian and compression tests have been proposed
to measure the ultimate strength of the composite body of the grinding
wheel [17]. This information was then used by the authors as input for
stress analysis of the vitrified binder during grinding. They propose a
discontinuous body hypothesis which formed the basis of a Discrete
Element Model of the grinding wheel that will be discussed later in this
section.

A very complete review of experimental test to characterize wheel
wear behavior can be found in Ref. [18]. The fracture strength and the
Weibull modulus are also common parameters used to study porous
brittle materials [19] because the latter describes the variability
observed in the experiments. The nature and structure of vitrified
alumina grinding wheels resembles, to a certain extent, those of brittle
porous materials. Therefore, interesting analogies can be found. In the
same study [19], the authors used the Brazilian tests and a Lattice Spring
Model (LSM) to examine the influence of pore size and distribution on
the fracture strength of the material. They concluded that the Weibull
modulus shows significant variations for porosities around 10%, while a
constant value was found for porosities higher than 20%. Moreover, for
a porosity lower than 10%, the Weibull modulus is more sensitive to the
increments in pore size. This study also shows that porosity has a greater
influence on fracture strength than pore size. The scientific literature
and industrial practice also show that the porosity of vitrified alumina
grinding wheels can vary from 1% up to 50% [20,21] depending on the
application and grain shape. These findings must therefore be consid-
ered when carrying out experiments to characterize the mechanical
behavior of grinding wheels.

The Brazilian test also deserves special attention. This test is a
commonly-accepted experimental technique for determining the
maximum strength of brittle materials. The most common shape of a
Brazilian test specimen is a disk using a curve-bearing block to apply the
compression force. For brittle materials, Bahaaddini et al. [22] demon-
strated the influence of specimen geometry and contact area on the
stress value and its distribution in the disk on Brazilian tests. Likewise,
they highlighted that the failure mechanisms could vary depending on
those factors. In their work, the contact loading angle varied from 1° to
30°, leading the authors to conclude that the most robust set-up is ob-
tained with angles higher than 30°. Zhang et al. [23] conducted an
experimental analysis of tensile stress using a modified Brazilian test for
nuclear graphite, also varying the contact angle by up to 30°, showing
that the crack initiates in the contact area. Thus, for a better under-
standing of fracture behavior, it is necessary to avoid the crack initiation
in the contact area and to promote crack initiation in a predetermined
zone. To tackle this issue, Ayallatolaghi et al. [24] analyzed the influ-
ence of V-notched polycrystalline graphite specimens on crack initia-
tion, varying the size and the angle of the notch. They obtained the
mixed fracture Mode I and II both theoretically and experimentally.
Likewise, they demonstrated the influence of the notched angle on crack
initiation. Therefore, test set-up and sample geometry must be consid-
ered critical for obtaining accurate values.

In addition to the maximum strength value, the location of crack
initiation and its evolution under the applied force is also of interest for
characterizing mechanical behavior. To evaluate crack propagation in
the fracture zone, the Digital Image Correlation (DIC) technique has
been proposed [25,26]. DIC analysis provides quality information on
crack behavior just at the crack tip and also measures the correlation
between applied load, crack length, and propagation speed.

Together with material properties, it is important to consider the
forces exerted on the wheel and the loads transmitted to the binder
during the grinding process. Classical research works [27,28] have
acknowledged the role of stress distribution in the binder and its effect
on the elasticity and deformations of the grinding wheel. Later, a
probabilistic model based on the concept of the undeformed chip
thickness was proposed by Hecker in Ref. [29]. Other investigations
have shown that the nature of the contact between the abrasive grains
and the workpiece is very complex [30] and includes continuous
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variation of the friction coefficient and local contact stiffness. In
Ref. [31] the authors proposed a model for forces and energy partition
based on the nature of the different types of contact between grit and
workpiece, which allowed for gaining a qualitative insight into the loads
imposed on the binder. However, little or no information can be found in
the above works regarding the relationship between the binder’s me-
chanical properties and volumetric wear of the wheel.

Numerical methods provide a powerful tool for studying the me-
chanical behavior of porous brittle materials. These include the Discrete
Element Method (DEM), which has been successfully used to simulate
both Brazilian and triaxial tests on geomaterials and concrete [32].
Concerning vitrified grinding wheels, an interesting analysis of the loads
on the binder was presented in the already mentioned work by Li et al.
[17]. The original contribution of this work is the use of the
discontinuum-hypothesis-based grinding simulation using DEM. In this
work, the authors describe the basis for calculating the stresses on the
binder of the grinding wheel. The model considers various grit geome-
tries and discretization of both abrasive and vitreous bond. Because of
the high computational cost, the model is limited to the contact region
between wheel and workpiece, and the wheel material is characterized
using Brazilian tests. Finally, grinding tests were conducted to validate
the model, measuring grinding forces and final part topography. The
authors completed their research in a subsequent article [33]. Although
their work did not consider volumetric wear and G ratio, their proposals
have paved the way for efficient characterization and simulation of the
behavior of vitreous bonds.

In this context, the work by Osa et al. [34] must also be mentioned. In
their research, the authors modelled the wheel using the discontinuous
body hypothesis in which the abrasive grains are the discrete elements,
and the binder is represented by elastic beams. The actual complex ge-
ometry of the grains can be successfully simplified using spheres with
little error, which considerably reduces computational cost. Moreover,
the use of beams for the binder represents a significant advance in this
direction. The authors calculated the stress distribution on the binder,
which in turn allowed for quantifying the elastic deformations on the
wheel that are caused by the grinding forces. The model was validated
through calculation of the contact length and comparison of this value
with existing references. One of the most relevant findings of this work is
the significant impact of the active number of grains on the contact
stiffness and, therefore, on the stresses on the binder. The use of different
dressing strategies reveals and highlights this critical point. Again, the
model does not consider fracture of bond bridges, since volumetric wear
and prediction of G ratio lie outside the scope of that research. However,
tribological studies in the scientific literature have revealed the effi-
ciency of DEM for describing fracture mechanics [35].

Another notable contribution is the work by Spampinato and Axinte
[36]. These authors presented a method for predicting the output forces
and topography (grit size and protrusion) of a simulated grinding wheel
during dressing operations. The method involves the contact between
two rotating bodies with statistically distributed abrasive grains, taking
into account the abrasive characteristics of both bodies. The model
simulates the collisional effects of the dresser abrasives on the grinding
wheel’s topography. Experimental calibration was conducted to account
for the deflection in the abrasive contact, assuming a kinematic contact
length. The model uses the DEM to simulate the abrasive structures and
interactions. The underlying derivations are related to actual and critical
stress of an individual grit in the contact. The model’s results were
validated against experimental data obtained from dressing operations
under various operational parameters. The study focused on investi-
gating the dominant mechanisms governing the dressing operation, with
grain fracture being identified as the predominant mechanism. Addi-
tionally, the kinematic contact length was found to increase with the
equivalent diameter and feed-rate, resulting in a greater number of
particles involved in the collisional process. Moreover, it was clarified
that the forces were directly related to the contact area, considering the
effects of deflection.
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This review of the scientific literature suggests that there are still
important aspects to be addressed to gain a better understanding of the
nature of volumetric wear of vitrified grinding wheels. This study pre-
sents, for the first time, an original multiscale approach that integrates
the mechanical behavior of vitrified bonds together with the stochastic
nature intrinsic to grain location. The objective of the multiscale nu-
merical model is to explain the underlying causes of volumetric wear
and to predict the value of the grinding ratio G. To this end, the new
multiscale model integrates a DEM microscale model (uSM) and a RuSM
(randomization of the uSM). The DEM uSM simulates the stress field in
the region of the wheel in contact with the workpiece. The inputs to the
uSM are the grinding forces measured in experiments and the mechan-
ical properties of the wheel material. The geometrical randomization of
the uSM accounts for the actual (and to a certain extent) random loca-
tion of the alumina grits. Following this approach, it is possible to
drastically reduce computational time and effectively determine the
actual number of grains lost while also examining the role played by the
apparent hardness of the grinding wheel. To the best of our knowledge,
this is the first model to quantify the effect of grinding parameters on the
hardness of the wheel. The layout of this paper is as follows: Section 2
presents the theoretical foundations of the original multiscale simula-
tion model. Section 3 introduces the experimental methodology and the
results of the grinding tests employed to determine the grinding forces,
the absolute values of volumetric wear, and the G ratio of the vitrified
bonded alumina wheel. In Section 4, the calibration of the model and the
results of different virtual experiments (numerical simulations) are
discussed, and then validated in light of the experiments presented in
Section 3. The model successfully predicts the detachment of complete
clusters of abrasive grains from the vitrified bond with a large degree of
agreement with experiments, considering the deviation introduced by
the micro-cutting edges that modify the hypothetical spherical geometry
of the Discrete Elements (DEs). This is the first model to predict volu-
metric wear of grinding wheels, and the results reported here will be
useful for the future analysis of grinding operations affected by volu-
metric wear.

2. Description of the multiscale simulation model
2.1. Overall description of the model

Volumetric wear is governed by the mechanical properties of the
vitrified bond and the stochastic nature of the location of the abrasive
grains. Whichever model is proposed, it must account for both funda-
mental factors. Due to the high computational costs involved, it would
be unfeasible to develop a complete DEM model of the grinding wheel
that could simulate all the grains on the wheel surface, together with all
the bonding bridges between abrasive grains. Therefore, it has been
decided to produce a multiscale model composed of two parts. First, a
microscale model is used (uSM) to represent the mechanical behavior of
any region of the grinding wheel. Following research by Osa et al. [34],
the discontinuous body hypothesis was adopted, in which the abrasive
grains are modelled as spherical discrete elements (DEs), and the binder
is represented by elastic beams. However, the uSM alone cannot describe
the wear behavior of the wheel, because of the stochastic nature of the
location of grains and bond bridges. Therefore, the second part of the
model consists of a RuSM (randomization of the uSM) that contains the
complete geometrical information about the location of all the abrasive
grains of the grinding wheel. In the following sections, both the ySM and
the RuSM are described in further detail.

2.2. DEM microscale simulation model (uSM)

As stated previously, the microscale model (uSM) represents the
mechanical behavior of any region of the grinding wheel. The model is
based on the discontinuous body hypothesis in which the abrasive grains
are modelled as spherical discrete elements (DEs), and the binder is
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represented by elastic beams.

2.2.1. Fundamentals of the DEM microscale model (uSM)

A GranOO workbench was used to develop the uSM. GranOO is a
collection of C++/Phyton libraries and tools based on the description of
the physical states of every discrete element [37]. The fact that the
phenomenon of bond fracture can be efficiently described from a nu-
merical point of view using DEM was critical when selecting the nu-
merical method.

The physical phenomenon of wear due to bond fracture is numeri-
cally simulated by separation of discrete elements (DEs) from the yuSM.
For this, the numerical model must adequately represent the mechanical
properties of the grinding wheel as well as the randomness in grain size
and distribution. The hypothesis set out in this work is that bond fracture
is related to the fracture of the vitrified bond, which is considered a
continuous material (3D cohesive beam model). One of the advantages
of the beam cohesive bond is to produce a more realistic fracture pattern
[38]. As explained above, the DEs represent the abrasive grains, and the
beams represent the vitrified bond bridges (see Fig. 1a). In order to
describe the mechanical behavior of the cohesive beam, the
Euler-Bernoulli beam theory was used. The cohesive beam model has
beams that provide stiffness to the model, thus forming bridges between
DEs. The beams have no mass; instead, the total mass of the wheel body
is attributed to DEs. The behavior of a beam is defined by four param-
eters: two mechanical properties (Young’s modulus E, and Poisson’s
ratio v,) and two geometrical parameters (radius r, and length L,). The
diameter of the beam is represented by r,. L, is defined by the distance
between the centers of the DEs. These parameters are considered
microscopic parameters, because of the scale of DEs and their interac-
tion with their neighbors. Further, the position of each DE varies in each
iteration, depending on the interaction of forces and torque reactions
acting between them, as shown in Fig. 1b. The forces and moments of
contact generate tensile bending and torsion loading on the beams
causing normal stress (tensile and bending loading) and shear stress
(torsion loading). The complete DEM model is provided with elasticity
following the flow-chart applied by Osa [34] for calibrating the
micro-scale properties of the beams, which is based on the method
established by André et al. [38]. The procedure involves an iterative
process based on virtual tensile testing of specimens until achieving
convergence between micro and macro properties of the sample.

2.2.2. Modelling wheel structure

2.2.2.1. Radius and mass distribution of DEs. Grain diameter is measured
from images captured with the optical microscope Dino-Lite Digital
ProX (AM4013) at 30%, as shown in Fig. 2a. In the case of the wheel used
in the experiments described in Section 3 (MA46EF12V), the result is a
normal distribution with average grain diameter d, 0.360 mm (see
Fig. 2b). This distribution allows for determining maximum and mini-
mum values of grain diameter (dgnax dgmin) [39]. The results differ
slightly from the value obtained using Eq. (1)), which, for the same
wheel, yields a value of 0.330 mm as average grain diameter. Eq. (1))
was first proposed by Malkin [40]. In this expression, M is the sieve
number. Fig. 2b shows that 29% of the samples exhibit grain diameters
ranging from 0.33 to 0.38 mm. The lower limit (0.33 mm) corresponds
to the value obtained from Eq. (1) (Malkin). It must be considered that
for the measurement, the circumscribed diameter has been used.
Considering the actual shape of the grains, this causes an increase in the
measured diameter with respect to the value provided by the sieve
number (M). Of course, this introduces a simplification related to the
shape of the grains, which will be commented on later in Section 4.4.

152

d, 7

@

Using the above data, the numerical sintering method [38] was used
to build the uSM, which adequately represents the properties of
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(b)

Fig. 1. Concept of cohesive beams: (a) DEs and beam representing abrasive grains and vitreous bonds respectively; (b) System of forces and torques acting between

two DEs.
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Fig. 2. Results for the wheel (MA46EF12V) used in the experiments described in Section 3. a) Alumina grains observed under a microscope (30x); b) Experimentally

obtained normal distribution of grain diameter.

randomness, homogeneity, and isotropy of the actual grinding wheel.
The conditions used for building the model were:

- The volumetric density of grains in the numerical domain and in the
grinding wheel must be the same.

- The mass density of the numerical body and that of the grinding
wheel must be the same.

- The size distribution of the grains in the numerical body and the
grinding wheel must be the same.

2.2.2.2. Domain dimensions. The volume of the uSM results from a
compromise between computational cost and an efficient representation
of the effects of stress and deformations induced by grinding and cen-
trifugal forces. To set the limits of the domain, a 3D static stress-strain
analysis was conducted using a Finite Element model. Grinding forces
were applied to a rectangular region delimited by a half of contact width
w/2 and the actual contact length I.. First, w/2 is modelled to reduce the
computational cost since the response from the other half will be iden-
tical. Then, [, can be determined by using the classical formula (Eq. 2) by
Rowe [41]) that considers the geometric contact length I, and the Hertz
deformations of the two bodies in contact:

SR2F.d,

nE* 2

E=C+[=ad, +
Here q, is the real depth of cut, d, is the equivalent wheel diameter, R, is
the roughness factor (Rowe and Qi [42]), F,’ is the normal grinding force
per unit width obtained from experiments, and E* is the combined
Young modulus of the grinding wheel and workpiece.

A 3D model of the grinding wheel was set up using ANSYS® Me-
chanical. The grinding wheel is meshed with three-dimensional hexa-
hedron elements. The mesh size is 1 mm, which is uniform throughout

the wheel except in the critical area, where it is refined to 0.5 mm. The
grinding and centrifugal forces, contact area, and wheel properties used
for the analysis correspond to the experimental tests described in Section
3. The model and the deformations obtained are shown in Fig. 3. Values
of deformation exceeding 0.8 pm are found only in the vicinity of the
contact area. Upon inspection of these results, it was decided to set the
limits of the uSM domain at 2 times the actual contact length (21.); and

o000 [

Fig. 3. FEM model of wheel deformation under the effect of grinding and
centrifugal forces.
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the grinding width (w). To model enough wheel material in the radial
direction, a height (hs) of 6 mm was initially fixed.

2.2.3. Calibration of mechanical properties and boundary conditions

The micro mechanical properties of the uSM were obtained following
the procedure described by Andre et al. [38]. The micro mechanical
properties (E,, v, r, and of,) of the beams of the uSM can be calibrated
through virtual tensile tests using the mechanical properties of the
grinding wheel (E,, vs and o). The calibration process involves two steps:
calibration of r, and calibration of E, and oy,. The influence of v, on
macro properties is minimal. Using 10,000 DEs is considered suitable for
virtual tensile tests to ensure acceptable precision. Due to the limited
impact of v, on macro parameters, an arbitrary value of v, = 0.2 is
chosen. Through iterative adjustments in the first virtual tensile test, a
stable value for v; is achieved, followed by fixing r,. In the second virtual
tensile test, further iterations lead to stable values for E; vs; and of.
Finally, E, and oy, are fixed.

After numerical sintering, the boundary conditions of the uSM were
established as follows:

- The wheel is infinitely rigid in axial, tangential and radial directions
beyond the deformation region. To do so, the degrees of freedom of
the DEs on the plane XY, YZ and lateral walls are restricted, as shown
in Fig. 4.

- The coefficient of friction is applied to the contact between wheel
and workpiece.

- Centrifugal force is applied to each DE according to the rotational
speed of the grinding wheel.

- The contact law is implemented when there is contact between the
DEs and workpiece . A value of contact stiffness must be calculated.

- The workpiece is modelled as a non-degradable body. It was decided
to set the limits of the workpiece at the actual contact length, with
half of the grinding width and an arbitrary height.

2.2.4. Fracture criterium

Volumetric wear is related to brittle fracture of bond bridges [43].
The Rankine criterium of maximum stress was implemented in GranOO
workbench for the maximum failure stress of the beams. Element
removal is performed when all the beams attached to the DE reach the
maximum failure stress (Eq. (3))), where ¢ is the normal tension of the
beam, 7 is the tangential tension of the beam, and oy, is the failure stress
of the beam. The beam breaks (see Fig. 5) if it meets the following
condition:

6+\o2+412 > oy, 3

2.2.5. Contact stiffness and system of forces acting on the model
Contact stiffness for the ySM must be obtained from experimental
values of grinding forces and from a theoretical value of grain

Boundary Y-max
: \— 2le

Boundary X-min
d. =0

)

Workpiece - Ic

Boundary X-max
d, =0
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penetration (§y,qx). Following classical models [41], grit penetration can
be determined from the expression:
12— a.d,

Omax =————— 4
4d, )

where, [, is the actual contact length, a, is the real depth of cut, and d, is
the equivalent wheel diameter. In this approach, &pyq, represents the
maximum penetration between wheel and workpiece (see Fig. 6).

It is clear from Fig. 6 that penetration varies along the actual contact
length. An average value of grit penetration (§4,) can therefore be ob-
tained using Eq. (5):

1 0
b =75 /0 [R—L,]do (5)

The value of the contact stiffness can then be established using the
normal grinding force F,, obtained from experiments:

K=—
5 (6)
As the workpiece acts on the uSM, the sum of the individual forces on
each DE thus replicates the usual grinding force acting on the wheel (see
Fig. 7):

Fn:KoZsz @

The sliding speed used in the study is 30 m/s, which serves as an
input for the model. To incorporate this, a simplification based on
Coulomb’s Law [44] is implemented in the ySM. Due to the high sliding
speed of the tests conducted, the static friction coefficient does not
significantly impact the contact. As a result, a constant dynamic friction
coefficient is assumed throughout the entire contact period. This coef-
ficient is applied to each DE in contact with the workpiece, with the aim
of achieving an optimal representation of the sliding speed.

Finally, centrifugal forces are imposed on each element of the uSM:

fq-:mjca)zor,- (8)

where m; is the mass of each DE, r; is the distance from the center of each
DE to the center of the wheel, and w is the rotational speed of the
grinding wheel.

2.3. RuSM (randomization of the uSM)

As explained previously, the uSM alone is unable to completely
explain the wear behavior of the grinding wheel. Together with me-
chanical properties, the stochastic nature of the location of the grains
and the bonding bridges critically impacts the phenomenon of bond
fracture. Therefore, any explanation of volumetric wear must account
for the interaction between these two factors.

The RuSM was created using the same assumptions about wheel

Boundary Z-min
d;=0

Boundary Z-max
d.=0

==
—
Workpiece - W/2

Fig. 4. Boundary conditions imposed on the pSM.
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Fig. 5. DE removal from the uSM following Rankine criterium.

>

max

Fig. 6. Schematic diagram for calculation of 8,y.

Fig. 7. Actual grit penetration §; in the uSM.

density and grain size/distribution already explained in Section 2.2.2.
The numerical sintering method already used for the ySM [38] was then
applied to the complete domain of the grinding wheel (see Fig. 8). The
result was a normal distribution with similar characteristics to the uSM
(average grain diameter d, 0.360 mm, see Table 1). Therefore, the actual
location and radius of each DE are available in the RuSM.

The RuSM also allows for representing a rotation counter for the
wheel, thus providing the time scale required to measure the grinding
ratio G. During simulation, the outermost grain (i.e., DE) of the wheel is
located in the RuSM. Its distance to the center of the wheel is R;, where i

E ooo
-0.05 4

-0.10 1

-0.10 -0.05 0.00 0.05 0.10
mm

Fig. 8. RuSM (randomization of the pSM) sintered in the complete domain of
the grinding wheel.

Table 1
Comparison of parameters between RuSM and real wheel.
RuSM Real
Grain density 16.78 16.84 grains/mm°>
Mean radius 0.18 0.18 mm
max radius 0.259 0.259 mm
min radius 0.124 0.124 mm

is the counter for the number of rotations of the wheel. The outermost
grain represents the first contact between wheel and workpiece .

2.4. Active grain density

In order to integrate the uSM and RuSM, it is crucial that the surfaces
of both are equal without any excess or defective protruding grains.
Discrepancies between actual and numerical active grain densities are
often caused by the effects of element pile up during numerical sintering
(already described by Osa et al. [34]) or because of a lower active grain
density at the boundaries of the RuSM. The grain density was measured
throughout both the ySM and the RuSM, and the results are displayed in
Fig. 9.

In the case of the uSM, in the first mm from the point of contact with
the workpiece, the surface grain density was 17.32 grains/mm?, which
subsequently fell to an almost constant value (with slight fluctuations)
with an average value of 16.36 grains/mm?. On the upper boundary of
the model, element pile up appears again, increasing grain density to
over 17.5 DE’s/mm?®. For the RuSM the density of the first 0.5 mm layer
was very low (3.33 grains/mm?), after which a constant value of 16.78
grains/mm?® was reached.

Inspection of grain density in the actual grinding wheel suggests that
this value is conditioned by the dressing process. In fact, dressing affects
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Fig. 9. Surface grain density throughout both pSM and RuSM. a) Effect of element pile up produced by numerical sintering; b) lower density on the boundary of

the RuSM.

wheel performance (see experimental results in Fig. 14). Therefore, as a
preliminary approach, it was decided that the uSM and RuSM would be
used to simulate the actual average structure of the grinding wheel, with
no consideration of the dressed region. Taking this into account, the
average grain density of the wheel is 16.84 grains/mm®. As a conse-
quence, coherence between numerical models and the actual grinding
wheel requires that the layers of the models affected by element pile up
(uSM) and low density (RuSM) are removed. After removing those
layers, the resulting structures are shown in Table 2 for comparison.

2.5. Integration of uSM — RuSM and estimation of wheel wear

The flow chart in Fig. 10 represents the integration of the ySM and
RuSM. The movement of the workpiece was applied to the uSM, which
had previously been calibrated using the experimental data obtained in
Section 3. Through the actual contact stiffness, the actual (as measured
experimentally) normal and tangential forces were applied to the uSM.
The effect of centrifugal forces was also included. Stress and deforma-
tion fields were then obtained by solving the DEM model, which in turn
allowed for calculating the number of DEs (that is, abrasive grains) lost
(Np) and critical penetration (5¢). d¢ refers to the depth of penetration
that leads to the initial separation of at least one discrete element of the
uSM. Moreover, the normal (F,’) and tangential grinding force per unit
width (F;’) and the number of DEs in contact were confirmed before
exploring the complete surface of the RuSM. The reference was set at the
outermost DE (grain). The elements that lie within the penetration dc,
were used as the reference to locate the adjacent elements that must be
removed. For each reference DE, a number of adjacent elements equal to
that calculated by the ySM were removed, and a new rotation began
(i=i+1). The new outermost grain was then used as a new reference and
the procedure repeated. The distance between the current outermost
grain and that of the previous rotation (in other words, the radial wear
(A)) was measured before examining the uSM again. From the work-
piece position previously left, A was applied. If the wheel breaks, a new
number of DEs removed (N; n¢y) and new critical penetration (S¢ pew) are
established. Moreover, the new normal (F, pe,’), new tangential
grinding force per unit width (F; pey’), and the new number of DEs
contact are checked. Otherwise, N, and §¢ are maintained. Finally, the
RuSM is explored, and the procedure is repeated.

The procedure finishes when the maximum established workpiece

Table 2
Structural comparison of uSM, RuSM, and the actual grinding wheel.

uSM RuSM Actual grinding wheel
Grain density (grains/mm®) 16.36 16.78 16.84
Density (g/mm?®) 1.776e % 1.776e7%%
Mean radius (mm) 0.18 0.18 0.18
Max radius (mm) 0.24 0.259 0.259
Min radius (mm) 0.122 0.124 0.124

displacement has been reached. The uSM is highly sensitive to the po-
sition of the grains, which is why a sufficient number of iterations is
required to minimize uncertainty in the calculation of the G ratio.

3. Experimental grinding tests

Experimental tests involve measuring wheel wear evolution during
grinding under industrial conditions. Grinding experiments were con-
ducted on a three-axis CNC surface grinder Blohm Orbit 36. The coolant
used was a 5% water-based oil emulsion. The specification of the vitri-
fied monocrystalline alumina wheels was MA46EF12V, with dimensions
of @250x127 x 40 mm. Abrasive grits were 100% cubic monocrystalline
alumina. A very soft wheel was chosen with the aim of promoting
volumetric wear. An AISI 02 hardened tool steel T-profile block, hard-
ness 54HRc was used as workpiece material. Grinding conditions and
wheel characteristics are displayed in Table 3. During the tests, power
consumption was measured using a Load Controls Universal Power Cell,
Model UPC-FR, together with a data acquisition card NI usb-6008.
Further, normal and tangential forces (F,, Fy) were recorded using a
Kistler 9257B dynamometer. The procedure used to measure the wheel
volumetric wear is shown in Fig. 11. Additionally, the real material
removal quantity was measured during the grinding tests using a
millesimal dial gauge. Subsequently, the wheel profile is captured using
a Dino-Lite Microscope, and the profile processing is performed using
Matlab.

The grinding forces and power consumption were measured at each
grinding pass. In order to measure the wheel wear and real materials
removal rates, the overall experimental test was divided into 11 blocks.
Table 3 details number of passes of each block. After each block, the part
material removed, and the wheel profile wear were measured.

Fig. 12 shows the evolution of specific power (P’) and specific
grinding energy (e.) compared with specific material removal. The
graph can clearly be divided into two regions. The first zone is domi-
nated by the dressing operation (until V,,” = 400 mm3/mm), where P’
and e, reach a maximum value of 0.21 kW/mm and 23.21 J/mm?®
respectively while the second zone is unaffected by the dressing oper-
ation, in which the values of P’ and e, remain almost constant (0.18 kW/
mm and 19.92 J/mm? respectively). It is clear that once the effect of the
dressing process disappears, the values of P’ and e, decline. Considering
that the overlap ratio used in the dressing process was 7.33 (fine dres-
sing), this behavior is coherent with the basic grinding theory. Addi-
tionally, in this second part, the constant value of P’ and e, means that
the abrasive surface has similar cutting edges every time, so the pre-
dominant type of wear must be grain fracture and bond fracture. These
results suggest that attritious wear is not expected to appear. Rather,
volumetric wear is more likely to occur, which is reasonable given that
the grinding wheel is very soft.

Fig. 13 shows the evolution of the normal and tangential components
of the specific grinding force (F,’, F;’ respectively) versus accumulated
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Fig. 10. Flow chart showing integration of the microscale model (pSM) and the randomization of the pSM (RpSM).

specific material removal. This pattern of results appears to be similar to
the power results, revealing the presence of two regions. The tangential
force can be related to the power consumption using Eq. (9)):

P=F, ey, 9

According to this equation, in the dressing transitional zone a
maximum specific power consumption value of 0.24 kW/mm is reached,
while in the non-affected stationary dressing zone, a mean value of 0.18
kW/mm is observed. These results are coherent with respect to the ob-
tained P’ shown in the previous graph. Regarding the specific normal
force, this remains constant in the non-affected stationary dressing zone
(Fp’ and F;’ show average values of 16.39 and 6.12 N/mm respectively).
Additionally, the force ratio remains practically constant across the
entire test (F,’/F,’~0.37). This observation confirms that the surface
grinding wheel maintained a consistent material removal capacity
throughout the experiment, thus minimizing the occurrence of attritious
wear and maximizing volumetric wear. Finally, the standard deviation
of the measurements for both components remained at 15% throughout
the entire test.

The evolution of volumetric wear and G ratio are plotted in Fig. 14.
Upon inspection of this graph, the above finding from the force analysis
becomes even more evident. The two regions already described can be
clearly identified: the first region until approximately V’,, = 350 mm®/
mm corresponding to the assumed influence of the dressing operation,
and a second region in which the effect of the actual structure of the
grinding wheel is dominant. It can be observed that evolution of volu-
metric wear shows linear behavior in both regions, which is compatible
with the existing literature. RZ values are 0.989 in the first region, and
0.998 in the second. From these plots, the G ratio can be found for both
lines. Values of G ratio are 2.22 for the first region and 1.09 for the
second. The results revealed very low G ratio values, which are ex-
pected, given the selection of a very soft wheel for the experiments.
Given that the transitional effects of the dressing process will not be
considered in the numerical modelling of the grinding process, the G
ratio of the second region will be used for model validation since this is
not affected by the dressing process.

4. Multiscale simulations and discussion of results
4.1. Calibration of the uSM

4.1.1. Mechanical properties of the beams

The mechanical properties of the beams of the ySM were obtained
using the methodology proposed by André et al. [38]. Virtual tensile
tests were conducted by varying the mechanical properties of the beams,
thus ensuring that the macro mechanical properties of the numerical
sample are equal to those of the actual material of the grinding wheel.
Therefore, the first step involved characterizing the properties (E;, v
and op) of the composite material of the grinding wheel. The elastic
modulus of the wheel, E;, was determined using the Grindosonic mea-
surement technique [45]. Additionally, the Poisson ratio (v ;) was
calculated from the obtained E; using the classic elastic modulus formula
[45]. To determine the failure stress oy in accordance with ASTM stan-
dard C 1161, three-point bending tests were conducted on three samples
(span length: 120 mm; loading rate: 2 mm/s). The bending strength of
the samples was calculated through the force applied using a common
equation provided in the standard literature. The results are plotted in
Fig. 15. The failure stress o was established by calculating the average
value of the maximum strength of the 3 specimens. Finally, the me-
chanical properties used for calibration are displayed in Table 4.

It can be observed that the deviation is very small for the value of the
failure stress. Results of 23.66 MPa (sample 1), 20.51 MPa (sample 2)
and 21.02 MPa (sample 3) have been measured during the tests. The
average value is 21.73 MPa and the standard deviation is 1.68 MPa. In
fact, the largest discrepancy among the three tests is concentrated at the
beginning of each test. Specifically, when applying the load in the three-
point bending test, it becomes challenging to accurately measure the
exact moment when the specimen starts to deform.

4.1.2. Actual contact length, contact stiffness, and friction coefficient
The theoretical basis for determining the actual contact length,

contact stiffness, and the friction coefficient is shown in Equation (2)), 6)

and 10) respectively. The experimental data collected in Section 3 were
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Table 3
Test conditions.

Grinding wheel

Dimensions (mm) @250x127 x 40 mm

Specification MA46EF12V489P20P

Abrasive volume fraction, Vg 41
(%)

Porosity volume V,, (%) 47.3

Average grain diameter, d, 0.36
(mm)

Maximum grain diameter 0.518
dgmax (mm)

Minimum grain diameter dgmi, 0.248
(mm)

Mass m (Kg) 2.5

Density p (Kg/m®) 1776

Cutting speed v; (m/s) 30

Workpiece material
Material

Hardness (HRc)
Dimensions (mm)

AISI 02 (90MnCrV8)
54
30x10 x 125 mm

Grinding conditions

a, = 0.036 vs =30 m/s Vw =
mm 0.25m/
s
Q, =125 ¢ =120
mm®/mm-s
Dressing conditions
a.q = 0.010 V4 = 250 mm/min vs = 30
mm m/s
Uy = 7.33
Number of passes 10 20 40
Grinding test block 1-4 5-8 9-11

Force measurements
Dynamometer plate: Kistler
9257B

Acquisition rate 10000
Hz

force range +£500 N
Low Pass filter

Cut-off frequency: 0.25

Power measurements
Wattmeter Load Controls
Universal Power Cell:

Model UPC-FR

Acquisition rate 10000
Hz

Low Pass filter
Cut off frequency: 0.25

used to determine the numerical values for the above variables (see
Table 5). In addition, the roughness factor (R;) was considered. This
parameter accounts for the influence of several variables, such as the
roughness of the grinding wheel, dressing condition, and workpiece
properties. According to the literature, R, typically ranges from 5 to 15,
depending on the specific combination of these factors. Osa et al. [34]

T -l-h
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proposed a static model that simulates the contact between the grinding
wheel and workpiece and found that R, is 5.1 under similar dressing
conditions to those studied in this work. Moreover, as the forces are
derived from experimental tests, it was possible to determine the coef-
ficient of friction by employing Eq. (10)).
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Fig. 12. Specific power (P’) and specific grinding energy (e.) vs. specific vol-
ume of part material removed (V).
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Fig. 11. Procedure for measuring radial wear of the grinding wheel. a) grinding operation, b) passing the griding wheel over the graphite, c) measuring the radial

wear with a dial gauge.
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Fig. 15. Results of the three-point bending tests on three samples of the
wheel material.

Table 4

Calibration of the pSM.
Young’s modulus of the grinding wheel E; (GPa) 20
Failure stress of the grinding wheel o7 (MPa) 21.75
Young’s modulus of beams E, (GPa) 120
Failure stress of beams op, (MPa) 167
Poisson ratio v 5 v, 0.2
Beam diameter ratio r, 0.57

Table 5

Actual contact length, contact stiffness and friction coefficient.
Real depth of cut a, (mm) 0.036
Grinding wheel diameter d, (mm) 250
Roughness parameter R, 5.1
Normal force per unit width, F,” (N/mm) 16.39
Tangential force per unit width, F,” (N/mm) 6.12
Combined Young Modulus E* (GPa) 19.08
Average value of grit penetration &g, (mm) 0.00774
Actual contact length I, (mm) 4.82
Contact stiffness K (N/m) 10632785.27

Friction coefficient u 0.37

4.2. Variability of critical penetration and number of DEs removed in
different uSMs

S¢ refers to the depth of penetration that leads to the initial separa-
tion of at least one discrete element of the wheel. To better understand
the range of critical penetration and its underlying causes, a study of the

Wear 530-531 (2023) 205020

variability of §c was carried out. To this end, 3 uSMs (pre-processing 1, 2,
3) were created using procedure 2.2. This approach generates models
with different positions of the discrete elements that closely resemble
the reality of the grains on the grinding wheel. Once the models were
created, the simulation was continued. Since in this case, the analysis
was conducted solely on the uSM, the workpiece was displaced without
stopping between the point of contact at the farthest grain to the
maximum radial wear (determined experimentally). Once the simula-
tion was complete, the results were analyzed. The contact generates
stresses in the beams. Due to the failure criterion, the grains separate at a
certain penetration, based on the configuration of their position. A
summary of the results of these simulations is shown in Fig. 16. It is clear
that the different grain positions in contact with the workpiece provide
different values of §¢c and N;.

In each pSM, the N, for a §¢ is determined by measuring the move-
ment of the workpiece from the time it touches the grain until at least
one grain is separated from the uSM. As shown in Fig. 16, the pattern of
results is similar for the three ySMs. The calculations indicate that the
mean for §¢ is 0.00685 + 0.0262 mm (mean =+ variance), and the mean
for N, is 4.28 + 16.1. It should be noted that negative values do not make
physical sense in this context. A correlation analysis was also conducted
to investigate the association between &¢ and N,, yielding a covariance
between the two variables of 0.0101. This indicates the linear rela-
tionship between the variables, and a positive covariance suggests that
both variables increase together.

Given their significance, it was necessary to analyze the above results
in greater detail. The resistance of bonding bridges to bond fracture is
conditioned by the geometrical arrangement of the grains, so that é¢
becomes a measure of this resistance. Obviously, the maximum pene-
tration to which a grain can be subjected is Spmqx (see Section 2.2.5), and
in this case, its value is 0.01429 mm. From a mechanical strength
perspective, some grain configurations can withstand penetrations
greater than Smgy (9.56% of the values in Fig. 16 are above that value). In
other words, for a given gy, as many as 90.44% of the grain configu-
rations can result in detachment of grains from the vitreous bonds. In
practice, the combination of operating parameters and elasticity of the
grinding wheel and workpiece sets the maximum possible penetration
Smax- Therefore, the simulations are truncated at this maximum value.
Fig. 16 also provides compact and useful information about the influ-
ence of grinding parameters on actual performance in terms of hardness
of the grinding wheel. It is widely accepted in industry that “for a given
wheel, hardness performance is dependent on grinding parameters”. How-
ever, to the best of our knowledge, this is the first attempt to numerically
quantify this effect.
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Fig. 16. Critical penetration vs DEs removed.
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4.3. Validation of the system of forces acting on the uSM

The system of forces plays a crucial role in wear analysis, particularly
in understanding volumetric wear mechanisms. This study is focused on
analyzing the grinding forces transmitted by the bond in the wheel and
validating their loads. To obtain the forces, three uSMs were modelled,
following the same procedure as outlined in Section 4.2. Upon
completing the simulations, the results were analyzed, and the specific
forces (i.e., specific normal and tangential forces) and grain loss versus
workpiece position are presented in Fig. 17. The data clearly indicate
that when the workpiece initially compressed the uSM, it generated
specific normal forces that could reach up to 34 N/mm. This high force
was due to the presence of all grains on the surface of the model.
However, as the workpiece progressed and compressed further, many
grains were dislodged from the surface, creating voids, as depicted in
Fig. 18. From a workpiece position of 0.15 mm, the rate of grain loss
appears to be linear, indicating a constant level of wear on the surface
that persists until the end of the simulation. In turn, the forces were
reduced, peaking at 22 N/mm and lower. Additionally, the curve shows
several sudden drops, indicating that at that instant, the workpiece was
no longer in contact with the uSM. Overall, the results indicate that
almost 600 grains were lost from the uSM in a workpiece displacement
of 1.4 mm.

After obtaining the uSM results, the force peaks were extracted to
facilitate further analysis, as shown in Fig. 19, which plots these force
peaks at specific workpiece positions. In the steady state, the maximum
specific normal force found is 22.62 N/mm at 0.51 mm workpiece po-
sition. Conversely, the specific normal force is relatively low at other
workpiece positions, such as 0.43 mm and 1.12 mm, with values of 1.2
N/mm.

Finally, as mentioned previously, to conduct the validation, the
experimental results of the second region need to be considered. In other
words, the influence of dressing will not be considered in this first
approach. For this reason, the experimental results of the specific normal
force (experimental range between 13 and 20 N/mm) were compared to
the uSM results (pre-processing 1, 2, 3) in the steady state, with the
former shown in the gray zone. The validation analysis revealed that
16.96% of the specific normal force of the model fell within the
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Fig. 17. Measurement of specific forces and grain losses according to work-
piece position in yuSM.
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experimental range. However, forces outside the experimental range
were also observed to a greater extent. In particular, 13% of forces
surpassed the experimental range, while a greater percentage fell below
the experimental range. While these findings could be due to the fact
that low forces are generated in some sections of the wheel in contact,
there will also be a degree of overlap with the high forces generated on
other sections of the wheel, which will be detectable during the mea-
surement process.

To understand volumetric wear, the loads generated by forces were
analyzed. In terms of the maximum failure stress, of, = 167 MPa cor-
responds to beam failure according to the imposed failure criteria. The
figure illustrates the evolution of stresses in the beams at two different
contact positions. It appears that the grinding force propagates through
the DE-beam and its neighboring beams. During compression, green,
yellow, and red colors (corresponding to 50 MPa, 80 MPa, and 167 MPa,
respectively) appear, as shown in Fig. 20. As observed, four grains above
the contact grain were affected by stresses of 50 MPa in the beams, and
three grains above were affected by the maximum stress, which could be
taken to indicate the presence of residual voids on the wheel surface and
a high rate of grain removal, as evidenced in Section 4.2.

Based on the validation results, it can be concluded that the uSM
forces are able to accurately simulate the mechanical behavior and
grinding performance at a single contact length. Therefore, the infor-
mation obtained from ySM is considered reliable for determining radial
wear and G-ratio of the whole grinding wheel.

4.4. Multiscale simulations: validation of the predictions of radial wear
and G ratio

This section presents the validation of radial wear and G ratio pre-
dictions obtained through multiscale simulations. For this purpose, a
comparative study was conducted on the results of the simulations and
the experimental data presented in Section 3. To obtain the G ratio it is
necessary to calculate the specific volumetric wear of the grinding wheel
(Vi) and the specific volumetric material removal of the workpiece
(V). In the simulations, Vs’ can be obtained from radial wear measured
in the RuSM, while V,,’ can be calculated using the number of rotations
in the RuSM.

The assumption that the grains are perfectly spherical DEs adds an
additional uncertainty with respect to the actual critical penetration Jc.
This was already explained in section 2.2.2. To account for this effect, a
shape factor Sy was introduced, which is expressed as the percentage
deviation of the critical penetration 5¢ with respect to the value obtained
from the uSM. A sensitivity analysis of the model was conducted in
which S; was varied from 0% to 10% with respect to the critical pene-
tration (see Fig. 21).

Fig. 22 presents the comparison between experiments and simula-
tions including the sensitivity analysis of the shape factor Sy. As already
stated in previous sections, in this preliminary step, the model simulates
the behavior of the wheel in region 2, this is, with no consideration for
region 1 (see Fig. 14). The region in the experimental curve affected by
dressing clearly shows a very different behavior. Modelling of the as-
dressed region will be investigated in future research. Therefore, the
current comparison was limited to the steady-state region in which the
grain density is similar (see Table 1).

The results reveal a high degree of concordance between experi-
ments and multiscale simulations. The best fit corresponds to a value of
Sy of 6%. In this case, both simulation and experimental results show a G
ratio of 1.09. In terms of 5¢, a shape factor of 6% represents a maximum
deviation in the critical penetration of less than 1 pm (specifically
0.8574 pm), which would be expected given the effect of the presence of
micro-cutting edges on the abrasive grits. In terms of radial wear, mul-
tiscale simulation also produces very solid results, as shown in Fig. 22.
The local effects on grain detachment are very well represented by the
multiscale simulation model, while the accumulated radial wear accu-
rately represents the volumetric wear behavior of the grinding wheel.
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Plane B-B’

b.

Fig. 18. Voids left on the surface by the volumetric wear seen in the cut plane B-B’ of pSM. a) Workpiece position 0.2 mm b) Workpiece position 0.25 mm.
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Fig. 19. Extracted peaks of the specific normal force according to work-
piece position.

Fig. 23 illustrates the actual profile of the grinding wheel and the
simulated profiles of the RuSM for each grinding test block. The actual
morphologies of the grinding wheel wear are obtained from the graphite
cube shape. For the comparative analysis, the profiles of test blocks 7, 9,
and 11 are considered, representing region 2. To ensure a consistent
contact width between the RuSM and experimental tests, a wear width of
5 mm is applied. The RuSM profile is obtained when the number of
wheel revolutions matched the experimental test upon completing the
grinding test block. It can be observed that the RuSM profiles accurately
reproduce the level of radial wear observed in the profiles of the
grinding wheel. The shape of the RuSM profile tends to be linear along
the wheel width. This comprehensive approach provides a strong pre-
diction of the RuSM profile that closely matches the actual profile of the
grinding wheel.

The discrepancy in region 1 becomes obvious when analyzing the
results. As already explained, the role of grain density on the overall

system is critical. Since the density of the dressed region is different to
that of the rest of the body of the wheel, the results are also very
different. Moreover, the dressing-induced damage of the vitreous
bonding bridges cannot be discarded as an additional source of uncer-
tainty. These effects will be examined in future research since dressing
plays a fundamental role in industrial grinding operations. Nonetheless,
and based on the validation results, it can be concluded that the pro-
posed multiscale simulation approach provides, for the first time, an
effective tool for understanding the mechanisms of volumetric wear of
grinding wheels by considering mechanical properties of the wheel,
process parameters, and the stochastic nature of the location of abrasive
grains.

5. Conclusions

A comprehensive approach to understanding the phenomenon of
volumetric wear in grinding wheels has been presented for the first time.
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Fig. 21. Comparison of wear between multiscale simulations and experiments.

Fig. 20. Beam stress observed in the cut plane B-B’ of pSM. [Pa]. a) Workpiece position 0.36 mm. b) Workpiece position 1.05 mm.
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Fig. 23. Evolution of the graphite replica profile (XP, experimental) and
simulated RuSM profile at three different values of V’,,

This approach considers the mechanical properties of the wheel, the
effect of grinding parameters, and the random location of the abrasive
grains. On the basis of the work presented here, the following conclu-
sions can be drawn:

- The fields of stress and deformation within the grinding wheel can be
determined by using a DEM model that represents the mechanical
properties of the wheel and its structure under the effect of process
forces (grinding and centrifugal). By simulating only the equivalent
of a given contact length, simulation time can be drastically reduced.
However, this is not enough to simulate volumetric wear since it does
not account for the random location of grains on the entire wheel.
Alternatively, combining the DEM model with a geometrical repre-
sentation of the location of the grains provides a complete charac-
terization of the wheel at low computational cost.

A statistical distribution of the critical penetration values that pro-
duce detachment of groups of abrasive grains has been successfully
obtained using the puSM. In the case studied, for a theoretical
maximum penetration of 0.01429 mm, as much as 90.44% of the
possible grain arrangements can be pulled out from the wheel under
the effect of grinding and centrifugal forces. By reducing the theo-
retical maximum penetration, this high potential wear can be drasti-
cally reduced, and this effect can be quantified. To the best of our
knowledge, this is the first attempt to numerically quantify the in-
fluence of grinding parameters on actual grinding wheel perfor-
mance in term of hardness.
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- The experimental results of the specific normal force were compared
to the uSM results. This validation analysis revealed that 16.96% of
the specific normal force of the model fell within the experimental
range. However, a larger proportion of forces fell outside the
experimental range, with 13% exceeding the experimental range and
a higher percentage falling below this range. Although these findings
could be due to the fact that low forces are generated in some sec-
tions of the wheel in contact, these would overlap with the higher
forces generated in other sections of the wheel, which would be
detectable during measurement.

The assumption that the grains are perfectly spherical DEs adds an
additional uncertainty with respect to the actual critical penetration
dc. To account for this effect, a shape factor Sy has been introduced
which is expressed as the percentage deviation of the critical pene-
tration S¢. Results of radial wear and grinding ratio show a very good
degree of agreement between experiments and simulations. The best
fit corresponds to a value of Sy of 6%. In this case, both simulation
and experimental results show a G ratio of 1.09. In terms of 6¢, a
shape factor of 6% represents a maximum deviation in the critical
penetration of less than 1 pm (specifically 0.8574 pm), which would
be expected given the effect of micro-cutting edges on the abrasive
grits. Accumulated radial wear is also successfully represented by the
multiscale approach.

The effect of dressing has not been considered at this stage of the
research. Although the multiscale approach presented contains most
of the information required, in the case of dressing there is a need to
further analyze the influence of dressing parameters on surface grain
density, along with the possible damage to the mechanical strength
of the bonding bridges caused by the dressing operation. These issues
will be explored in future research.

From the point of view of the authors, the most relevant scientific
advancement is the development of a theoretical framework to
explain and predict volumetric wear of vitreous bond alumina
grinding wheels. This is relevant achievement taking into account
that to the best knowledge of the authors, this is the first attempt to
theoretically predict volumetric wear.
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