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Fig.7 The maximum principal stress distribution and tensile stress induced damage/fractured regions at different grinding steps
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Fig.8 The minimum principal stress distribution and compressive stress induced damage/fractured regions at different grinding steps

The evolution of the grain damage after each grinding step is further analyzed by counting the number of

damaged elements on the grit rake surface and near cutting edges. Damage evolution per grinding step is

summarized on the bar- chart in Fig.9. The observed cumulative damage trend indicates that the grain was

damaged at a relatively steady rate. A correlation fit of the total number of damaged elements shows a liner fit
of the form,

y =0.213+0.199x . (8)

There were about 200 elements damaged in each step before a macro fracture occurs due to crack propagation.

The ratio (represented by the blue line on Fig. 9) of damaged elements due to crack propagation, relative to the

total number of damaged elements approached 0.42 throughout the grinding process. This implies that, about

42% of damaged elements were caused by tensile stress, and the remaining 58% was influenced by a

combination of tensile and compressive stresses. Moreover, the numerical results indicate that the macro

fractures caused by crack propagation will consume a larger amount of the grain volume, compared to grain

material volume loss arising from micro and local attritions, and thereby significantly reduce the lifespan of

the grain. Accordingly, the simulation results highlight the role of the tensile stress in controlling the wear and



life cycle of the grinding wheel during the high-speed grinding operation.
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Fig.9 The number of damaged elements due to crack propagation on the gain rake surface and near cutting edges, after each grinding step. The

blue line represents the ratio of the damaged elements in crack region relative to total damaged elements.
3.3 Evolution of cutting edges due to grain wear

The number of cutting edges is continuously changing during the grain wear process, and thus can provide
more effective cutting edges (self-sharpening). However, this phenomenon will be compensated and bounded
by the attritous wear. This section investigates the evolution of the grain cutting edges, from both numerical
and experimental perspective.

Fig.10 shows the extended cutting paths, and the corresponding pressure distribution for different simulation
steps. Fig.10 (a) shows the intact single cutting edge at the initial state. A sequence of nodal points 1-40, is
highlighted, starting from the engaged front of the rake surface, to the final contact point on the flank surface.
The corresponding contact pressure profile, changes from a tensile (-0.4GPa) to compressive state (~2.0GPa)
along the flank, and then reaches a lower level (~0.75GPa) at the wake of the cutting nose. At a subsequent
loading step (step-3), the cutting edge progressively evolves as shown in Fig. 10(b), into three segments of
cutting edges; marked by nodal locations 3-13, 14-26, and 26-30. A pressure redistribution commences with
the splitting of the cutting edge, and splits to three domains with a maximum pressure of A=1.123 GPa,
B=1.739 GPa and C=2.203 GPa respectively, as indicated in Fig. 10(b). The cutting edge C near the grain nose
(bottom corner) carries the most of the cutting load among these three edges. Additionally, the cutting edge A
under the least pressure maintained the original shape as fresh grain, while the other two cutting edges
fractured due to larger load (Fig.10 (b)). The cutting edge evolved five cutting edges in step-4 as shown in
Fig.10 (c), with maximum peak pressure of A=1.418 GPa, B=1.413 GPa, C=0.995 GPa, D=4.161 GPa and
E=1.298 GPa respectively. The cutting edge A, which preserved its profile from the previous loading step,
exhibited a similar loading level as that of edge B. Such behavior resulted from the unique profile of the
cutting edge A, wherein it has a dull obtuse angle without enough protrusion to be fractured. It is apparent that
the current geometric profile at a given step will significantly influence its evolution and the corresponding
grain fracture behavior and the subsequent step. Moreover, the initial geometric mesh details might have an
effect on the level of cutting edge segmentation and fracture. Since each periodicity is represented by close to

10 nodal points, further refinement of the mesh resulted in minor high frequency fluctuation of the cutting



edge profile, while the overall features were preserved. This observation could be substantiated from the
sampling theory wherein a signal could be reproduced at 99% fidelity, when sampled at 10 or more increment

for a given wavelength.
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Fig.10 Evolution of the cutting edge profile and the corresponding pressure distribution at different grinding steps

The evolution of the cutting edge and its splits to individual segments are highlighted in Fig.11 for the
different grinding steps. In general, the number of cutting-edge segments will increase during the grinding
process, rendering a complex geometric profile of the cutting grain and its subsequent wear evolution. Fig. 12
shows the experimental observation for the evolution of CBN grain, from its fresh state with a single cutting
edge (Fig. 12(a)) to a complex striated surface (Fig. 12(b)). The grinding process resulted in a sever wear of
the grain with the fracture induced striated geometry. The fracture induced micro-cutting edges promotes the
self-sharpening effect. While one might acknowledge the absence of full one to one correspondence between
the experimentally observed wear profile and the numerically simulated evolution of the cutting edge surface
due to the difference in the initial starting configuration and the 3D effect. However, the general features
highlighted by the model remains dominant, in the form of the initial macro-cracking of the grain rake surface,

followed by the micro cracking of the cutting nose area of the grain.
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3.4 Grain wear effect on workpiece material removal

The grain wear evolution during grinding will change the material removal behavior for different steps. It is
well known that the grinding material removal process includes three types: sliding, ploughing and cutting.
Fig.13 shows the material removal state for different grinding steps. In step-1, chips were formed and 73.2%
elements of material removal region were damaged due to shearing effect. The slip lines can be clearly
observed. In step-3, the cutting edge A and B were only engaged in the second half of grinding pass, and the
material region could be divided into three layers, as marked in Fig.13 (c). Shearing effect occurred in the
middle layer and 34.1% elements were damaged by cutting behavior. In other two layers, the material removal
is due to large plastic deformation without chip formation. In Fig.13 (d), there were 59.6% elements were

damaged by cutting removal, while other 40.4% elements were removed by sliding and ploughing behaviors.
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Fig.13 Material removal processes for different grinding steps

The amount of damaged elements is summarized in Fig.14. The elements damaged by cutting and its ratio to
the total material removal are also highlighted, in order to compare the difference in the cutting characteristics
with the evolution of the cutting grain profile with the progression of the grinding process. The ratio decreased
with the grinding process. Obviously, the cutting removal was the major part in the first two steps, with more
than 70% element removed. Then, the ratio in step-4 (59.6%) was the third largest. The cutting removal
became less dominant, since several cutting edges have less protrusion so that sliding and ploughing seldom
took place. By comparison, in other steps, the ratio in step-7 was very close to 50%, indicating all three
mechanisms contribute to the material removal process. Furthermore, the damage ratios in steps-6, 9 and 10
were less than 30% due to the dominance of sliding and ploughing effect. In general, with the increase in the
number of the cutting-edge segments increases, the material removal region is divided into more layers with
different removal mechanisms, and the thickness of each layer becomes thinner and unequal. An insufficient
cutting depth will promote sliding and ploughing behavior. As a result, the cutting behavior will be further with

the increase in the cutting-edge segments engagement in the grinding process.
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3.5 Grain wear effect on grinding force

The grain wear evolution not only changes the nature of the sliding, ploughing and cutting during the
grinding process, but also dynamically changes the grinding forces. During the cutting stage, the cutting
induced vibration will generate periodic grinding force. However, in the sliding or ploughing stage, frictional
force is prominent.

Fig.15 (a) compares the grinding force variations for steps-1, 4 and 7. In these grinding steps, the cutting
mechanisms contributes the most to the material removal process. It can be seen that the variations in step-1
and step-4 were periodic. The two repeated periods are marked with rectangles, the force magnitude in step-1
and step-4 were 5.1 N and 3.3 N, with a duration of 0.012 ps and 0.015 us respectively. The ratio of elements
removed by cutting in step-4 was lower than step-1, which reduced the release of grinding force. This imply
that a low ratio of elements removed by cutting will reduce the grinding force fluctuation. In step-7, the force
has very high fluctuation without clear periodicity. Its amplitude was the smallest due to dominance of the
ploughing mechanism during the grinding process. In this case, the material removal region was divided into
multiple layers so that the fluctuation overlapped to each other, which suppresses the force variation.

Fig.15 (b) compares the magnitude of grinding force in steps-1, 3 and 10, for which the ratios of elements
removed by cutting were 73.2%, 34.1% and 26.2%. The periodic domain for step-1 is marked between two
lines. In this domain, the maximum values in different steps are 4.9 N, 6.9 N and 6.2 N, while the minimum
values in these steps are 0.2 N, 1.0 N and 2.7 N. Considering that the frictional force induced by sliding and
ploughing will obviously increase the grinding force, it can be inferred that sliding and ploughing are more
prominent in the other two steps, compared with step-1. The average force magnitude values are 2.6 N, 4.8 N
and 4.6 N respectively. Although the maximum force for step-1 is relatively high, its average is much lower
than other steps. During the grinding process, the grinding force progressively rises until the onset of the shear
damage, and then it will be relaxed by the chip segmentation from the workpiece in the cutting stage. As a
result, the dominance of the cutting behavior during material removal process induces a lower grinding force,

for both of its average and extreme levels.
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Fig.15 Grinding force variations in different grinding steps. (a) comparison of grinding force fluctuations due to the cutting behavior; (b)

comparison of the grinding force magnitudes with and without the sliding and ploughing behaviors.

4, Conclusions



The damage and morphological wear evolution were numerically examined for CBN grain under high speed
grinding. The experimentally observed features on CBN electroplated grinding wheel and single grit grinding
experiments corroborates with the numerically observed fracture/damage progression during the grain-wear
evolution process. The modeling results highlights the following grain wear characteristics and its role on the
grinding process:

1. CBN grains have two main wear modes in high-speed grinding: the macro fracture caused by crack
propagation from the rake surface, and the micro fracture near the cutting nose area. The micro fracture
occurs more frequently, while the macro fracture requires aggressive overload and enough crack
propagation.

2. The crack propagation is mainly caused by tensile stress, while the micro fracture near the cutting edges is
caused by a combination of tensile and compressive stresses. Moreover, the macro fracture will consume
a large volume of grain.

3. Multiple cutting-edge segments will be engaged in the grinding process due to grain wear. The active
segments will dynamically change with the wear process evolution. As cutting-edge segments arise from
overload-induced fracture, their resulting geometric profile will further influence their subsequent fracture
characteristics.

4. As multiple cutting-edge segments are engaged in the grinding process, the material removal region will
be divided into many layers with different dominant removal mechanisms. The ratio of elements removed
by cutting approximately ranges from 80% to 20%, with progressive reduction during the grinding
process.

5. The changes of the grinding forces are related to the ratio of elements removed by cutting. With the
increase of this ratio, the force fluctuation magnitude increases and its average will be lower than that for
sliding and ploughing dominant zones.

6. The grinding-force induced grain chipping/fracture will dynamically change either the sharpness of the
grain by new edges generation (self-sharpening) or the dullness of the grain by flattening. An appropriate
grinding condition should be maintained to control the grinding wheel life, while maintaining the grinding

process effectiveness.
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