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FINITE ELEMENT SIMULATION OF GRINDING PROCESS AND MICRO-
SCALE ABRASIVE WEAR

T.T. Opoz, X. Chen
University of Huddersfield, Queensgate, Huddersfield HD1 3DH, UK

ABSTRACT

This paper presents a review of grinding and polishing process in terms of mechanical interaction between
process elements. The abrasive processing includes bonded and unbounded abrasive machining can be
analysed as a two-body or three-body processing. Finite element simulations from previous works, each with
a different simulation approach, covers the analyses in respect of thermal behaviour of grinding, and single
grain simulation. Moreover, microscale abrasive material removal in two-body and three-body abrasive
process is addressed based upon previously investigation of microscale abrasion tests.

Keywords finite element method; grinding; abrasive wear; two-body abrasion; three-body abrasion
1 INTRODUCTION

Grinding is a complex material removal process due to the large number of abrasive grains with unknown
geometry varying with time (Aurich et al (2009)). Another abrasive process, polishing, presents more
complex material removal mechanism than grinding because of its extra motions of abrasives. In order to
gain insight into the complexity of material removal in these processes, many investigations have been
carried out by researchers in the universities and industries. Process models of abrasive processing are
often used to describe the complex relationships between machining parameters and processing behaviours
that lead to different work results. The interaction between active abrasives and workpiece is analysed to
predict grinding forces, temperature, grinding energy consumption, surface integrity etc.. Various approaches
for building up a process model, both physical and empirical, were summarised by Brinksmeier' et al (2006)
including fundamental analyses with kinematic model, finite element method (FEM), molecular dynamics,
artificial neural nets, and rule based models. An extensive review of finite element modelling of grinding was
done by Doman et al (2009). This provides a great insight of material behaviour in abrasive processing. On
one hand process understanding was established through process modelling, so that knowledge about the
process can be enhanced. On the other hand Simulation using suitable models makes it possible in the
future to predict process behaviour and component quality. Both modelling and simulation will help engineers
to determine optimum process parameters prior to the manufacturing process. Evans et al (2003) reviewed
the material removal mechanism in lapping and polishing. They characterize polishing via the fundamental
interactions between four critical elements of the process, namely the workpiece, fluid, granule and lap.
Understanding the interactions between these four elements is critical for improving the process control
ability so as to achieve higher productivity and better part quality. In such loose abrasive processing,
abrasives are able to roll freely between workpiece and counterface or to penetrate into the counterface
losing their freedom or rotation. These two types of abrasive motion, translation and rotation, result in
different modes of material removal mechanisms. While in the case of freely-rolling abrasive processing, so-
called three-body abrasion, material removal is caused by micro-fatigue and micro-cracking of the surface,
the embedded abrasive processing, so-called two-body abrasion, leads to micro-ploughing or micro-cutting
(Brinskmeier2 et al (2006)). The transition between three-body and two-body abrasive is a critical issue in
processing quality control.

2 FINITE ELEMENT MODELS

The procedure of finite element analysis have been established in the past, regarding the loads and
deformations of modules or components (Klocke (2003)). Generally, FEA models for the simulation of
grinding processes can be separated into macroscopic and microscopic concepts. In most cases the
macroscopic simulation is applied in order to calculate the influences of heat and mechanical surface
pressure on the complete workpiece in terms of temperature distribution or form deviation. The calculations
are mainly based on thermomechanical and elasto-mechanical material characteristics. The plastic material
behaviour and the chip formation are not considered. In contrast to that the microscopic simulation is
restricted to analyses of the working zone. Thus, mostly a minor section of the workpiece and one contacted
grain is modelled. The microscopic simulation is the most detailed approach of the real grinding process to
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date (Brinksmeier1 et al (2006)). Process parameters describing the grinding are shown in figure 1-(a). The
input parameters for a typical FEA simulation are; geometry of the workpiece, properties of the workpiece
material, grinding forces, process parameters, heat transfer coefficient between cooling lubricant and
workpiece, cooling conditions and boundary conditions. A general macro-scale thermal model setup is
shown in figure 1-(b). The macro-scale grinding FE models were sub-divided into four model types. Thermal
(T) models can predict the temperature distribution within the workpiece whereas structural (S) models can
determine the mechanical deformations and resulting stress. Thermal-structural (TS) models, or coupled
models, can determine the resulting total stress from both thermal and mechanical loads. And Ceramic (C)
models can be treated as a separate category from the thermal or structural analyses because of their
fundamental difference in material removal mechanism. Each model is either two-dimensional (2D) or three-
dimensional (3D) and uses an elastic (E), elastoplastic (P), or thermoplastic (TP) material model (Doman et
al (2009)).

Chuang et al (2003) investigated grinding forces and the associated stress and deformation fields generated
in a ceramic workpiece during plunge surface grinding. They designed a two- dimensional finite element
model with the grinding parameters and the mechanical properties of the workpiece as input variables.
Results show that the depth of subsurface shear failure zone increased with an increase in maximum
undeformed chip thickness or the wheel depth of cut. The resulting local grinding force vector, maximum
stress and damage zone sizes were predicted as a function of maximum undeformed chip thickness. Moulik
et al. (2001) developed a Finite Element Model to calculate the temperatures and stresses arising due to a
moving source heat. The grinding of elastic and elastic-plastic workpiece materials were simulated. The
developed FE model was also applied to calculate the surface and sub-surface residual stress induced in an
elastic-plastic solid by such sources of heat when convection heat transfer is assumed to occur at the solid
surface. The finite element calculations showed that the near surface residual stresses produced by moving
sources of heat are generally tensile.

In most macroscopic models the grinding wheel is represented as a combination of the heat source and the
surface pressure, which is moved over the workpiece with feed speed. The exact distribution of the heat
source within contact zone, between the workpiece and the grinding wheel, must be ascertained in order to
provide realistic input parameters, in particular the heat flux distribution. Simplified profiles of the heat source
were often idealized by assuming a rectangular, triangular, parabolic or trapezoidal shape. For the design of
the simplified heat source it was essential to know the heat flux density 4.~ which was passed from the heat
source to the workpiece. Most of the temperature models were based on the theory by Carslaw and Jaeger
(1959). This model was extended to take into account the cooling lubricant in front of and behind the contact
zone of the workpiece and the constant temperature on clamped areas (ambient temperatures). The
equation for the calculation of uniform heat flux density is shown in equation (1):

.. F.
G' = KH- 1': 3 -
‘,2'5'-'{ (1)

In addition to process parameters (e.g. cutting speed v;) and geometrical contact conditions (contact length
lg, contact width of grinding wheel by) the heat flux density depends on two factors of proportionality (energy
dissipation K, and heat distribution factor K,,) and the tangential force F; during the process, the latter can be
determined with a dynamometer. The factor K, indicates the percentage of mechanical energy which is
transformed into heat and can sometimes be set to K,=1, because most grinding energy is transformed into
heat (Brinksmeier' et al (2006)).

Mamalis et al (2003) proposed a finite element model to simulate the precision and ultraprecision grinding of
steel. The finite element model proposed is based on Jaeger’s model. It is a 2D model and the grinding
wheel is considered to be a moving heat source. The heat sources is characterized by a physical quantity,
the heat flux, q, that represents the heat entering an area of workpiece per unit time and is considered to be

of the same density along its length which is taken equal to the geometrical contact length, !+, which is
calculated from the relation

I, =fa.d; 2)

Where & the depth of is cut and d: is the diameter of the grinding wheel. The real contact length is
expected to be larger owing to the deflection of the grinding wheel and the workpiece in the contact area.
Mahdi and Zhang (1995) developed a 2D FE model with temperature-dependent thermal material properties
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for the grinding of alloy steel workpieces with relatively low workpiece velocities. The resulting temperature
profiles were used to predict the phase transformation and subsequent martensite depth

In contrast to macro-scale models, the microscopic simulation concept is based on the single grain scratch
test. It is a multi-body system considering the single grain and the workpiece The micro-mechanical grinding
theory was put forth in the works by Robert S. Hahn of the Heald Machine Company (Doman et al (2009)).
Hahn (1962) proposed his rubbing hypothesis in 1962 where the material removal process by a single grain
was accomplished in various stages, or phases. In his theory, illustrated schematically in figure 2, three

distinct material removal phases exist as the grain is engaged into the workpiece by an amount ¢ and
travels at a velocity vy. The rubbing or initial phase shown in figure 2(a) occurs at small depths resulting in

local elastic deformation around the grain. At higher depths (5:—1 = C?-"), the ploughing phase is obtained
which is obtained which is characterized by plastic upheaval of the material ahead of and to the side of the
grain as illustrated in figure 2(b). This plastic surface deformation results in a groove, or scratch, but does not
physically remove any material. Figure 2(c) depicts the final phase where material is finally removed in the

form of a chip at even greater depths (¥c = ©z). Lambropoulos et al (1996) developed an axisymmetric FE
model of indentation on an elastic-perfectly plastic workpiece by a rigid indenter for the study of grinding
optical glass. This model was used to investigate plastic zones created by abrasive contact. However,
because no grain motion was used, no material removal could be modelled.

Klocke et al (2002) developed a 2D FE model that simulates single-grain scratch test where an abrasive
grain was passed through the workpiece material. Using a coupled thermal structural (TS) analysis,
temperature and stress fields were produced. The particular importance of this model is the way in which the
workpiece is loaded. Rather than imposing heat flux and stresses, as done with the majority of macro-scale
models, the actual grain-workpiece contact was simulated. This innovation in modelling enables the
researchers to investigate the effect of grain orientation, shape, size etc. A 3D single grain FE simulation
and actual single grain grinding are shown in figure 3. This provides a great detail of material behaviour
around the grain.

3 MICRO-SCALE ABRASIVE MACHINING

Micro-scale abrasive machining has similar material removal mechanism as abrasive wear. Two-body
(grooving) or three-body (rolling) abrasive wear mechanism was extensively investigated by Trezona et al
(1999). They carried out micro-scale abrasion tests (also known as the ball-cratering wear test), in which a
ball is rotated against a specimen in the presence of slurry of fine abrasive particles. It is a useful technique
for evaluating the wear resistance of surface engineered components. The wear mechanism and wear rates
were investigated over a range of loads (0.1 to 5.0 N), slurry concentrations (0.000031 to 0.24 volume
fraction abrasive) and abrasive materials (SiC, Al,O; and diamond). It was found that for each abrasive, a
transition from grooving to rolling wear could be identified with a critical ratio of load to slurry concentration. A
two-body grooving wear mechanism was found to be dominant at high loads and/or low slurry concentrations
for all abrasive tested. Two-body grooving wear produce a series of fine parallel grooves in the specimen
surface as shown in figure 4-(a). The dominant mechanism at low loads and/or high slurry concentrations
was a three-body process, in which the abrasive particles do not embed, but roll between the two surfaces
producing a heavily deformed, multiply indented wear surface with no evident surface directionality as shown
in figure 4- (b). Williams and Hyncica (1992) showed that abrasive particle between two surface undergoes a
D

transition from grooving to rolling at a critical value of 7 where L' is the particle major axis and & is the
separation of the surface as shown in figure 5(a). In the work carried out by Trezona et al (1999), the surface
separation B was determined by hydrodynamic lubrication conditions; the surface were not supported by a
significant hydrodynamics pressure, and so the separation was determined by the load and by the number of
particles within the contact, or equivalently, the load per particle. According to the results obtained (Trezona
et al (1999)), if the contact contains many particles under a low load, each particle will indent the surfaces

D
only slightly, and so ,f';! =~ 1. For a typical angular particle geometry (5 = 55% ) the critical ratio is 1.74
(Williams and Hyncica (1992)), therefore at low loads, rolling wear is produced. If the contact contains a few

D
heavily loaded particles they will indent the surface more deeply, making f.h > 1.74, and grooving wear
appears.
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Assumed that the pair surfaces in figure 5 are of equal hardness, with 54 = Hz = H | Then the indentation
depths of the particle will also be equal; @ = & . The particle hardness was assumed to be large compared

with the surface hardness.

At the transition, the inclination of the particle tends to 0% (Williams and Hyncica (1992)), so t ® D — 2a

For a pyramidal indentation, for instance a Vickers indentation, the surface diagonal length & is proportional
to the depth @ ; and the hardness is defined by

p
H e —
as 3)

Where ¥ is the load on the indenter, i.e., the mean load per particle. It can readily be shown that ¥
depends on the total load IV , the projected area of the wear contact # , and the volume fraction of abrasive
' | in the following way;

.'"i".D:

Av (4)

b x

hR=D-F F
Therefore ’(.H where 5 is a constant for a given indenter geometry.

D
At the transition /h is constant (Trezona et al (1999)), and
D_f, BBy
h DNH (5)

B ﬁ
Therefore ( ’ID) ’IH is expected to have a constant value at the transition between wear mechanisms.
This model predicts that the wear mechanism depends on the load per particle ¥ , the length of the major
axis of the particle D the hardness of the surfaces  , and the constant & , which may be interpreted as a

D
“geometry factor’ dependent on the particle shape. The critical value of / k, and therefore of the expression

above, depends on the particle shape as defined by angle 5 (Williams and Hyncica (1992)). For the rolling

wear mechanism, the wear volume (V.-) is proportional to the normal load, in accordance with the classical
Archard wear equation (Archard (1953)).

y _ oinS
I*. - HF

(6)

Where F» is the normal load, s is the sliding distance and H is the abraded workpiece surface hardness
Adachi and Hutchings (2003) performed micro-scale abrasion tests with different combinations of ball and
specimen materials, under different test motion. The map was plotted between two dimensionless groups as

vertical and horizontal axes; the hardness ratio between the ball and the specimen, and a newly introduced
parameter which represents the severity of contact. Their model is shown in figure 6.

h=D (1 2w )
AcvH (7)

Where ¥ is the volume fraction of abrasive in the slurry, and ¢ a constant of proportionality.

1_1+1
H' Hy H; (8)
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D
The critical condition for the transition from grooving to rolling motion, at a certain value of ( 1}.'1) is therefore

W
expected to occur at a critical value of ( :{H :"H’) contains quantities which are all experimentally
measurable, and can be termed the “severity of contact”, with symbol 5 . It is suggested that the wear model

will change from three-body (rolling) abrasion to two-body (grooving) abrasion when = exceeds the
threshold value &~ . Thus, the transition condition for the three-body (rolling) mode can then be written as

5" 9

D
Where @ and £ are empirical constants related to the critical value of ( !h) and to the constant of
proportionality € . For these data, @ = 0.0076 and /= —0.49 _ H. and fi1 are the hardness of specimen

and hardness of ball, respectively. Where 4 is the interaction area between the abrasive particles and the
surfaces of the ball or the specimen.

4 CONCLUSIONS

Finite element simulation is a good method to enable better understanding of grinding process physically.
Many FE models have been developed in macro-scale regarding entire grinding wheel-workpiece interaction.
The models generally involved heat flux, pressure, and conventional cooling as input process parameters.
However, the research on microscale modelling of grinding process, i.e. focusing on individual grain and
workpiece interaction, is not quite advanced as expected due to restriction of computing simulation
environment. Thus, more researches on micro-scale FE modelling for abrasive processing is required.
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