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Material Removal Phases in Single Abrasive
Grain Grinding
Tahsin Tecelli Öpöz and Xun Chen
Centre for Precision Technologies, School of Computing and Engineering
University of Huddersfield, HD1 3DH, Huddersfield, UK.
Abstract. In this research, basic material removal characteristics in a single grit grinding have
been investigated by using Finite Element Analysis (FEA). ABAQUS/Standard is used as a
computational environment. The influences of both friction and undeformed chip thickness are
considered in the analyses of the grit ploughing, stress distribution and total force variation.
Remeshing strategy is performed in the simulation to produce very fine meshes in the contact
area to mitigate the material distortion due to large plastic deformation. The results show that the
increase of undeformed chip thickness and frictional coefficient would increase ploughing action
and grinding stress magnitude. Moreover, friction would cause the stress distribution circle on
grit inclined backwards. Finally, FEM analysis can be considered as a strong tool for the single
grit simulation of grinding process.
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INTRODUCTION
Grinding is a material removal process by arbitrarily bounded abrasive grits on the
wheel periphery. These abrasive grits do not have certainly defined geometric shape
for their cutting edges. Therefore, grinding is not well-defined process compared to
other machining processes. In order to obtain good quality of the ground part with
high efficiency and low cost, understanding of grinding mechanism and prediction of
grinding performance become crucial for ever increased precision requirements from
industry. Experimental investigation is good for the validation of grinding behaviours
under the confined conditions. However implementation of experiments for each
different case is cumbersome, time consuming and extremely costly. As different
approach, successful modelling and simulation rely on detailed knowledge of the
process and computing technology advance. Often, grinding has been modelled
considering heat transfer where grinding wheel has been modelled as moving heat
source or elasto-mechanical process where the grinding wheel has been modelled as
mechanical surface pressure [1-4]. This type of models is called as macro-scale model
dealing with the interaction between grinding wheel and workpiece at large scale [2,
5]. The other approach is to model single grit action during machining process, which
is so called micro-scale model that considers individual grit interaction with workpiece
[2,5]. Though there have been a great number of experimental works on single grit
grinding to identify the grinding characteristics in micro scale, only a few finite
element models consider grinding physical performance at such level.

Doman et al [5] reviewed the finite element model in grinding both considering
macro and micro-scale. Regarding the difficulty in chip formation, orthogonal cutting
process model with highly negative rake angle were used as a simplified model of grit
cutting. Ohbuchi and Obikawa [6] developed a thermo-elastic-plastic finite element
model of orthogonal cutting with a large negative rake angle to understand the
mechanism and thermal aspect of grinding. They indicated that the differences in chip
formation between cutting and grinding. According to results of cutting with higher
rake angles, cutting chips are formed unconditionally. However grinding with abrasive
grit, where the grit cutting edges present lower range of rake angles, chip formation is
restricted by the critical cutting speed and critical undeformed chip thickness. They
found critical cutting speed and uncut chip thickness for efficient material removal, are
affected by rake angle, and suggested that the high speed grinding is preferable to
micro cutting with abrasives. The critical cutting speed increased with decreasing rake
angle if the rake angle was less than -15°. Most researches revealed that the size effect,
cutter edge radius and minimum undeformed chip thickness in micro machining
(milling, turning etc.) has similar effects on micro grinding process [7]. Ohbuchi and
Obikawa [8] investigated the surface generation of grinding considering the grit shape
and cutting speed. They supported finite element model with experimental work and
concluded that there exist a relation between cutting speed and critical chip thickness
while rake angle is -45°; the cutting speed is approximately inverse proportional to the
critical undeformed chip thickness. Under critical value of undeformed chip thickness
only side-flow occurs. Takenaka [9] investigated the single grit action and observed
chips formation even at smaller depth of cut of 0.4 µm. The proportion of ploughing
process increases with the decrease of depth of cut and in the case of extremely small
depths of cut, the rubbing process would be prominent. Matsuo et al [10] investigated
the effect of grit shape on the forces and pile-up. And he concluded that grinding force
increases linearly with increasing cross sectional area, and the slope of lines is greater
as apex angle becomes larger.
Klocke [11] reviewed the modelling and simulation techniques in grinding process.
He also stated that the first complete simulations reproducing a single grit cutting were
made at the laboratory for machine tools of the RWTH Aachen and at the IWT of the
University of Bremen. Generally researchers claim the simulation at microscopic level
concerning the grinding process is more promising than that at macroscopic level,
because the process behaviour can be more realistically reproduced with this method.
Klocke et al [12] performed single abrasive grit scratching a cutting edge of 50 µm
radius without coolant. They aimed to predict the type and the value of the wear on the
single grit, removal mechanism of the workpiece material and the arising stresses on
the workpiece. Most recently Doman et al [13] developed a three dimensional finite
element model to investigate ploughing and rubbing in scratch tests by using LSDYNA software. In their study, the grit was modelled as a 2 mm diameter alumina
sphere. Despite the large grit size, they pointed out that the transition between rubbing
and ploughing phases occurred at a depth slightly larger than 3 µm in their FE model
although experimentally lower values of transition depth were observed. Park and
Liang [14] proposed a single grit model both considering cutting and ploughing effects
to predict the material deformation and microgrinding forces. The ploughing force was
calculated from indentation force using 2D-Deform software.

In this paper, finite element analysis of a single grit grinding is simulated by using
Abaqus/Standard. In a defined grit moving path with different maximum uncut chip
thickness, contact interaction between grit and workpiece is presented with and
without friction consideration. Force variation, stress distribution, and process phase
transformation will be investigated.

FINITE ELEMENT MODEL FOR SINGLE GRIT SIMULATION
A 3D single grit FEM simulation is performed by using ABAQUS/Standard. The
abrasive grits are modelled by using CBN (Cubic Boron Nitride) material properties
(E=909 GPa, ν=0.121, and ρ=3400 kg.m-3) with a geometrical shape of hemispherical
solid with a diameter of 100 µm. Workpiece is modelled with dimensions of
2mm×1mm×0.5 mm by using steel elastic parameters (E=200 GPa, ν=0.3, ρ=7800
kg.m-3) and yield stresses (180, 200, 250, 300 MPa) correspond to plastic strains (0,
0.1, 0.25, 0.3) respectively. The grit cutting path is defined as in Figure 1. The grit and
workpiece are modelled by using C3D4 element, which is a four node linear
tetrahedron element. Iterative adaptive remeshing technique is used to get finer
element size in grit-workpiece engagement area. During simulation, it is necessary to
remesh the part when severe mesh distortion takes place. The remeshing technique is
based on the refinement and coarsening techniques and avoids entirely remeshing the
workpiece. The remeshing is governed by mesh element size and equivalent plastic
strain error indicator is used to make decision about satisfaction of element geometry
and contact conformity at interaction area. Fine meshes over the cutting area provide
better conformity of contact between grit and workpiece. Adaptive remeshing is
typically used for accuracy control, although it can also be used for distortion control
in some situations. The adaptive remeshing process involves the iterative generation of
multiple dissimilar meshes to determine a single, optimized mesh that is used
throughout an analysis. The goal of adaptive remeshing is to obtain a solution that
satisfies mesh discretization error indicator targets that you set [15].

FIGURE 1. Schematic drawing of grit movement trajectory with a maximum depth of cut 2 µm.

The undeformed chip thickness, cutting speed and rake angle between cutting tool
and workpiece are the decisive parameters in the alteration of material removal forms.
In the present simulations, depths of cuts (0.5, 1 and 2 µm) are relatively small
comparing to the grit diameter, which makes rake angle highly negative. Speed is kept
constant in this work although it is relatively lower than actual grinding speed.

Another essential parameter that affects material removal mechanism change is the
friction between grit and workpiece. In this paper, FEM simulation results are
interpreted by material deformation and reacting forces during a single grit scratching
in relation to the depth of cut and friction coefficient. A result of 3D ploughing
deformation is shown in Figure 2 where the frictionless contact and maximum depth
of cut of 2µm were used. The maximum material upheaval in front of grit is 1.142 µm
which is almost half value of the depth of cut. Deformation scale factor of 10 is
applied to make pictorial illustration more obvious. Total number of elements used in
the simulation is 184085. Approximate CPU time for each simulation is 42 hours by
using a computer with an Intel(R) core(TM) i7 CPU 960 @ 3.20 GHz and 12GB of
RAM.

FIGURE 2. A view during grit advancement showing accumulation of workpiece material in front and
side of grit (maximum depth of cut is 2 µm and µ=0).

Figure 3 shows the influence of friction on ploughing actions. According to results,
the pile-up material height is around half of depth of cut thickness under frictionless
condition and is almost the same as the depth of cut when friction coefficient is 0.2.
This means friction between grit and workpiece results in increasing ploughed
material in grinding. Moreover, edge of piled material under frictional high depth of
cut has illustrated the initiation of chip formation phenomenon. Although, under
current simulation there is no chip formation due to low depth of cut and low cutting
speed.
As shown in Figure 4 Misses stresses during grinding are increasing with the
increase of frictional coefficient. The maximum stress observed is in the grit rather
than in the workpiece surface and the location of maximum stress point is getting
closer to contact surface while friction coefficient increases. Another interesting
phenomenon in Figure 4 is that the friction between grit and workpiece affects the
stress distribution. When frictionless contact is considered, the stress circle is inclined
perpendicular to the contact chord. By considering friction, the stress circle is pushed
backwards by an angle that is similar to the friction acting angle. Residual stresses are
not changing much with frictional coefficient.
Variation of total forces are numerically calculated through single grit grinding
simulation path and illustrated in Figure 5. Although force variation trend remain same
it is increasing dramatically with depth of cut and slightly with friction coefficient.

(a) frictionless, h=0.5 µm

(b) frictionless, h=1 µm

(c) frictionless, h=2 µm

(d) µ=0.2, h=0.5 µm
(e) µ=0.2, h=1 µm
(f) µ=0.2, h=2 µm
FIGURE 3. Deformation shows ploughing effects on single grit simulation (h: maximum depth of cut).

(a) µ=0

(b) µ=0.2

(c) µ=0.3

FIGURE 4. Stress variations on grit and workpiece with friction effect (depth of cut=1 µm).

(a)
(b)
FIGURE 5. Total reacting force in a single grit scratch (a) frictionless, (b) friction coefficient 0.2.

CONCLUSIONS
We can draw the following conclusions from this simplified model of single grit
FEM simulation:
1- Proportion of ploughing is increasing with frictional coefficient. In very
small depth of cut, chip formation does not occur depending on the speed,
undeformed chip thickness, scratch length and material yielding properties.
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Mesh element size is essential for material removal simulation, since
remeshing provides finer mesh size where elements subjected to large
deformation due to yielding.
Friction also contributes grinding stresses positively. The friction force
pushes stress circle incline backwards in an angle similar to friction acting
angle. However, residual stresses do not change significantly with friction.
Total forces increase with of depth of cut and frictional coefficient.
FEM simulation is a powerful technique to predict the grinding behaviours;
it saves the time and cost spending on real machining tests.
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