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ARTICLE INFO ABSTRACT

Keywords: Diamond grinding of cutting-inserts was modeled and optimized by taking into account the varying position-
Grinding dependent contact conditions along the nose radius. The results demonstrate that the dimensionless aggres-
Cutting tool siveness number correlates strongly with specific grinding energy and G-ratio while edge chipping along the nose
Ié‘:s;etry radius shows no systematic dependence on process geometry and kinematics. A constant-aggressiveness grinding
Kinematic strategy, implemented by varying the insert angular speed, significantly reduces the total grinding energy and
Model reduces the cycle time with no deterioration of edge quality. Overall, the developed physical models provide a
Optimization robust, wheel-topography-independent framework for analyzing and optimizing grinding of cutting inserts.
Control

Energy efficiency

Wear

1. Introduction

Cemented tungsten carbide (WC-Co) is the dominant substrate ma-
terial for cutting inserts and is typically machined to its final geometry
by diamond grinding, alongside other tool materials such as ceramics,
polycrystalline cubic boron nitride (PCBN), and polycrystalline diamond
(PCD). Since the performance of cutting tools is strongly governed by the
resulting surface integrity, considerable effort has been devoted to
improving grinding methods so that cutting-tool materials can be
machined efficiently while maintaining acceptable surface finish and
subsurface properties.

Research on diamond grinding of cutting-tool materials has largely
concentrated on WC-Co. In industrial practice, however, cemented
carbides, ceramics, PCBN, and PCD indexable inserts are typically
ground on the same types of CNC insert grinders, using similar grinding
kinematics and dressing strategies. Within this context, two comple-
mentary lines of research can be distinguished. One focuses on grind-
ability and grinding mechanisms, i.e., how the grinding process affects
workpiece surface integrity and the associated abrasive-workpiece
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interactions (e.g., plastic flow, crack propagation). The other advances
fundamental process understanding through modeling, with emphasis
on specific grinding energy and the role of grinding-wheel topography.

Hegeman et al. [1] and Ren et al. [2] reported that the material
removal mechanism in WC-Co includes both brittle and ductile modes.
In addition to crack formation, they observed fragmentation and pullout
of carbide grains, as well as plastic deformation of the bonding material.
According to Wirtz et al. [3], the Co content affects the grindability of
WC-Co cemented carbides, with higher Co content leading to higher
thermomechanical loads and wheel wear due to the increased adhesion,
friction, and required energy associated with the more ductile nature of
the binder material. Jiang et al. [4] investigated the effect of WC grain
size and noted that its influence on workpiece quality was greater than
that of different grinding parameters. Smaller WC grains resulted in
reduced edge chipping and lower surface roughness.

During single-grit scratch tests, Klocke et al. [5] investigated the
transition between brittle and ductile material removal in cemented
carbides with different Co contents and observed that brittle removal
predominated at higher chip thickness. Zhan and Xu [6] observed that
the temperature rises exponentially as the chip thickness is reduced,
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Nomenclature Spk reduced peak height
ty grinding time
Aggr* point-aggressiveness Ved dressing cutting speed
Aggr’ line-aggressiveness Vfa axial feed speed
Aggr aggressiveness-number Vfad dressing axial feed speed
insert thickness Vn relative normal speed
e specific grinding energy VR insert tangential speed
E total grinding energy Vs grinding wheel cutting speed
F, tangential force Ve relative tangential speed
G-ratio  grinding ratio XY, 2 coordinate system
h local insert thickness 8 insert clearance angle
I contact length ay radial infeed
lg dressing path Ar edge chipping
Q average material removal rate € nose angle
Q specific material removal rate @ angular position along the nose radius
Te nominal nose radius 0 opening angle
Tlocal local nose radius WR insert angular speed
S contact surface
corroborating the results of Cruz et al. [7], who reported a decrease in parameters, without relying on detailed wheel-topography
compressive residual stresses with lower chip thickness. characterization.

Within this context, different approaches have been proposed to
model the grinding process using undeformed chip thickness as a
fundamental parameter. Agarwal and Rao [8] developed an analytical
model based on the random distribution of the grit protrusion and real
contact length, which considers the elastic deflections in the
wheel-workpiece contact zone. The model was used to predict surface
roughness, which is governed by the random geometry and the random
distribution of cutting edges. By analyzing the grinding-wheel topog-
raphy, Zhang et al. [9] proposed a model to describe the undeformed
chip-thickness distribution considering grit distribution and grit pro-
trusion. Using the model, they concluded that the surface roughness
could be controlled by adjusting grit protrusion via dressing. Li et al.
[10] developed an undeformed chip thickness model for vertical-spindle
face grinding of tungsten and used it to simulate the ductile-brittle
transition by accounting for the temperature dependence of the work-
piece mechanical properties.

Reviewing precision grinding of axisymmetric aspherical optics,
Yang et al. [11] identified the maximum undeformed chip thickness as a
key parameter because of its great sensitivity to the ductile-brittle
transition. In a study on the grinding of carbide inserts, Cai et al. [12]
proposed a transient grinding-force model based on the grit element
method. In this model, individual abrasive grits were discretized into
elements, and forces were derived from wheel topography, grinding
kinematics, cross-sectional cutting, wear-flat areas (including path
interference), and the associated workpiece residual.

Despite the extensive work on modeling undeformed chip thickness
at both the single-grit chip and process (macro) scale, direct experi-
mental validation of the underlying equations remains difficult because
individual grinding chips are hard to measure. Nevertheless, such
models are widely used to analyze grinding performance. Their pre-
dictive capability is, however, limited because undeformed chip thick-
ness depends not only on the process parameters, but also on the
grinding-wheel topography. Key characteristics of the wheel topog-
raphy, such as active cutting-point density, sharpness, and grit protru-
sion, are difficult to quantify. Also, they change continuously as the
wheel wears, as shown by Macerol et al. [13] in their assessment of the
effects of grit properties and dressing on grinding mechanics and wheel
performance.

Therefore, from both a scientific and industrial perspective, there is a
need for a robust descriptor that enables researchers and practicing
engineers to quantify and control the grinding conditions along the
cutting edge of inserts using only nominal geometry and kinematical
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Previous studies on the grinding of cutting inserts mainly considered
plunge-face grinding and used the average single-grit chip thickness. To
obtain values for different process conditions, Wobker [14] and Fritsch
[15] neglected scratch superposition and grit wear and assumed a ho-
mogeneous geometry and protrusion height. To model the abrasive grits,
Wobker considered a spherical geometry and treated as active only those
grits with protrusion heights greater than half the grit size, whereas
Fritsch applied a triangular geometry, with the number of active grits
varying linearly with protrusion height. Friemuth [16] proposed a
generic model and defined the abrasive geometry and protrusion height
using the same assumptions and later extended this model to account for
the contact length during grinding of the insert nose radius, enabling a
more comprehensive determination of chip thickness.

Building on these works, Ventura et al. [17] showed that the trends
in chip-thickness variation under different process conditions were
similar, albeit with different values, regardless of the approach used to
quantify grit geometry and cutting-point density. This confirmed that no
single or universally “correct” value exists for chip thickness because it
inherently depends on the grinding-wheel topography and the under-
lying assumptions. Therefore, this dependence complicates the use of
chip-thickness-based models for process optimization in the grinding of
cutting inserts.

To circumvent the necessity to measure or assume wheel-topography
parameters (such as cutting-point density and the ratio of chip width to
chip thickness), Badger [18] introduced a dimensionless aggressiveness
number, Aggr. Subsequently, Drazumeri¢ et al. [19] consolidated a
theory of aggressiveness for arbitrary geometry and kinematics. Krajnik
et al. [20] used Aggr to predict workpiece surface temperature in
cam-lobe grinding and developed a constant-temperature strategy to
minimize cycle time while avoiding thermal damage. In crankshaft
grinding, Drazumeric et al. [21] established a relation between the
specific grinding energy and Aggr and used it as a temperature-based
method for selecting feed increments that prevent burn. Urgoiti et al.
[22] also used the experimental relationship between specific energy
and aggressiveness to estimate power and heat generated in face
grinding with a straight wheel.

During insert grinding, inserts are typically rotated at constant
angular speed. Because of this, the local radial infeed and contact length
vary drastically along the nose radius. As a result, the grinding aggres-
siveness fluctuates around the cutting edge. These fluctuations give rise
to local surges in material removal rate, increased wheel wear, and high
energy consumption. To date, the varying contact geometry of



C.E.H. Ventura et al.

peripheral grinding of indexable inserts has not been described using a
position-dependent, dimensionless parameter along the nose radius. In
the present work, the aggressiveness number is therefore employed as a
fundamental parameter of grinding geometry and kinematics to quantify
these local conditions without introducing wheel-topography parame-
ters or attempting to predict grinding forces and surface roughness. This
provides a robust, geometry-based framework for analyzing and opti-
mizing diamond grinding of cutting inserts.

2. Analytical model of insert grinding

Four- and five-axis grinding machines equipped with diamond cup
wheels are commonly used for peripheral grinding of indexable cutting
inserts (Fig. 1) using the following sequence: (i) grinding of the straight
faces; (ii) grinding of the nose radii (the blank rotates as the flat-face
grinding wheel removes material); (iii) chamfer grinding (if neces-
sary). The basic parameters are the cutting speed v; (i and ii) and either
axial feed vy, (i) or insert angular speed wg (ii).

Analytical modeling is based on the theory of aggressiveness, intro-
duced by Drazumeric et al. [19], adapted here to describe the contact
geometry and corresponding kinematics between the grinding wheel
and the workpiece, shown in Fig. 1. In the implemented theory, the
fundamental  parameter of abrasive interaction is the
point-aggressiveness Aggr*, defined as the ratio of the relative normal
speed v, to the relative tangential speed v;, both acting relative to the
grinding wheel.

Aggr' =vn /v 1

Following a given point on either the wheel or the workpiece as it
traverses the abrasive contact, the concept is extended from a point to
the corresponding contact line by defining (i) the specific material
removal rate Q’, and (ii) the line-aggressiveness Aggr’ as averages over
the contact length [, according to Egs. (2) and (3).

-1 / vodl,
lC le

1

lc I

(2)

Aggr =+ [ AggrdL. 3

Finally, the description is extended to the entire abrasive contact by
calculating the material removal rate Q and the aggressiveness number
Aggr as averages over the contact surface (Egs. (4) and (5)). The
aggressiveness number is thus a fundamental geometric—kinematic

parameter of the process and provides a basis for analyzing grinding

dressing roll
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outcomes such as specific energy and wheel wear.

1
Q=g ] nas.

1
Aggr = S_;//s Aggr dS,

When grinding the straight faces of the insert, the aggressiveness-
number Aggr remains constant; it is simply the ratio of axial feed
speed vy, to grinding wheel cutting speed v;. However, when grinding
the insert nose radius, a more complex modeling is necessary because of
instantaneous changes in the contact length around the nose radius.

For a cup grinding wheel (Fig. 2a), the abrasive layer is located on
the nominally flat surface. Therefore, the local radius of curvature of the
abrasive surface in the grinding plane is effectively infinite (Fig. 2b). The
other parameters are: vg = insert tangential speed, a, = radial infeed,
and a, = insert clearance angle. For an arbitrary clearance angle, the
nose radius depends on the variable h along the insert thickness (0 <h <
b) (Fig. 2b). As a result, a conical surface is produced, and the nose

G

)

Arinding wheel / grinding wheel fo
AX ) \
| ¥° ) ( +—Vs (
Y| rake VR
face
rake
face
(b)
rake face \N (@)  ale
€ € "\.\ —
- Kol |\ 2
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Fig. 2. (a) Top and (b) side views of the engagement area during grinding of
the insert nose radius; (c) variation of the local nose radius rj,.q along the insert
thickness; and (d) variation of the radial infeed a, and the contact length I,
along the nose radius.

Ve blank

grinding
wheel

Fig. 1. Kinematics of insert grinding.
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radius ryycq (With 7. = nominal nose radius) can be calculated by Eq. (6).
(6)

When grinding the insert nose radius, the tool-workpiece contact
continuously changes along the nose radius due to insert rotation. The
angular position ¢ along the radius varies from zero up to the opening
angle 0 (0 < ¢ < ) and can be related to the nose angle ¢ according to
Eq. (7) and Fig. 2(d).

Tocar(h) = re — htana,

)

Therefore, the radial infeed a, and the corresponding contact length
I assume different values along the s-axis and along the angular position
¢. They can be calculated using Eqs. (8) and (9).

(b, ) = Fca(h) [1 / sin (S ; ¢) 1 }

L(h, @) = \/2"0ca(h)ay(h, @) /cosa, 9)

The insert kinematics is given by the insert tangential speed v,
which depends on the local nose radius ri,.q(h) and the insert angular
speed wg, according to Eq. (10).

VR (h) = erlocal(h)

In conventional nose-radius grinding, wy is typically kept constant.
Because the wheel-workpiece contact geometry varies with position
along the nose radius, this leads to a position-dependent aggressiveness
number.

Now, the normal component v, and the tangential component v; of
speed acting relative to the grinding wheel can be determined by Eqs.
(11) and (12).

O=rm—¢

(8

(10)

Va(y) = wgycosa, an

vi(h) = |vr(h) —vs | (12)

Based on the relative normal speed (Eq. (11)), and using the defini-
tions in Egs. (2) and (4) together with the contact-length expression in
Eq. (9), the corresponding specific material removal rate and the ma-
terial removal rate are given by Eqs. (13) and (14).

Q'(h, @) = vr(h)ay(h, p) (13)

Q(9) = Q(b/2,¢)b/cosag

The line-aggressiveness, Aggr’, which is the average point-
aggressiveness of a given contact line at the position h, can be calcu-
lated by Eq. (15). Due to the particular process conditions, the line-
aggressiveness is the same from the perspective of both the abrasive
tool and the workpiece.

(14)

_ 1 ax(h, p)cosag
|1 —vs/vr(h) | 2rocat (M)

Ager'(h, ) 15)
For the optimization of the insert-nose grinding process, the
aggressiveness number Aggr (Eq. (5)) must be determined. The aggres-
siveness number is the average point-aggressiveness of the contact sur-
face and is approximated as Aggr(¢p) = Aggr’(b/2, ¢). Finally, using Eqs.
(6), (8), (10), and (15), and considering that v; > > vg, the final
expression for the aggressiveness number is presented in Eq. (16).

. (E+ @
VI 1]
The specific energy (Eq. (17)) was obtained by the measurement of
the tangential force F; and the application of Eq. (14).

Fi(¢p)vs
Qo)

wg(r. — btanag/2)
Vs

cosay
2

Aggr(e) = (16)

e(p) = a7
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3. Experimental work

Experiments were conducted on a four-axis insert grinding machine
Agathon DOM Plus with a vitrified-bonded diamond cup wheel (grit size
D46 and concentration C100) using a straight oil as grinding fluid.
Before grinding each blank, the wheel was dressed with a 180-mesh
alumina dressing roll (cutting speed v.g = 10 m/s, axial feed speed vyq
= 3 um/s, and dressing path lj = 15 pm).

The workpiece material was cemented tungsten carbide, ISO grade
K10 (with approximate dimensions 11.2 mm x 11.2 mm x 4.7 mm).
The straight faces (clearance angle a, = 0°) were ground with a cutting
speed v; = 35 m/s and an axial feed speed v, = 4 mm/min. The nose
radii (with a nose angle ¢ = 90°) were ground with the same cutting
speed, radii r. = 0.8 mm and 1.2 mm, and angular speeds wg = 35°/s
and 60°/s.

The lower angular speed was selected based on industrial experience
for grinding cemented carbide. The higher angular speed was chosen to
increase the aggressiveness number and assess its influence on edge
chipping; under this condition, the applied load is expected to be higher,
while the grinding time is reduced.

The selected insert geometry (nose angle and nose radii) is repre-
sentative of common designs. Larger nose radii increase the contact area
and, consequently, the forces. At the same time, the selected geometry
enables the acquisition of stable force signals during grinding over an
adequate time window, allowing reliable data acquisition.

For negligible tool wear, as is the case when grinding each nose
radius, previous studies have shown that edge quality and specific en-
ergy vary monotonically with changes in cutting and feed speeds [23].
In addition, the insert angular speed has been reported to have only a
minor effect on edge quality across different nose regions [17], despite
continuous changes in contact length and radial infeed. Therefore, only
two parameter levels were selected to reflect these observations, with
the primary objective of characterizing the variation of the output var-
iables along the nose radius.

The first step was to determine the dependency on aggressiveness
number of (a) edge chipping Ar, (b) specific grinding energy e, and (c)
wheel wear (via G-ratio).

The edge chipping was measured using an optical, focus-variation
microscope (Alicona InfiniteFocus SL). This quality parameter corre-
sponds to the shortest distance between the real and ideal (perfectly
sharp) cutting edge. The measurement consisted of 200 profiles
distributed around the middle of the radius, covering a circular sector of
50°, as shown in Fig. 3. An average value was calculated (for four insert
corners) for every ten measurements.

The tangential force was obtained using the machine’s built-in
monitoring system, which estimates the effective torque of the
grinding spindle from the motor current and converts it to tangential
force. Data was sampled at 50 Hz. Additional details were proprietary.

The grinding ratio G is the ratio of the volume of removed workpiece
material to the volume of wheel wear. The workpiece volume was ob-
tained from the difference between the initial and final workpiece di-
mensions. The wheel volume was obtained by direct measurement of the
worn wheel profile (Fig. 4) at three different regions using the focus-
variation microscope. In addition, the reduced peak height parameter,
Spk, obtained from the material ratio (Abbott-Firestone) curve was
measured in selected (1.5 x2 mm?) areas of the worn region to provide a
local measure of grit protrusion. Here, the straight faces of the inserts
were ground in a plunge-grinding operation.

4. Results and discussion

The variation of the aggressiveness number with angular position
along the nose radius is shown in Fig. 5(a) and (b). In all cases, a
continuous decrease in aggressiveness is observed, which can be
explained by the evolution of the radial infeed a, with higher values at
the beginning of the process. As expected, an increase in the angular
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Fig. 4. Measurement of the worn wheel profile.

speed wg (Fig. 5a) and in the nose radius r, (Fig. 5b) shifts the curves
upward and increases the aggressiveness, especially at smaller angular
positions.

Edge-chipping results for the corresponding grinding conditions are
presented in Figs. 5(c) and 5(d), taken around the middle region of the
nose radius. Despite the relatively large range of aggressiveness values,
no systematic trend of edge chipping can be identified; the measured
values remain within a narrow band for all conditions. This is a signif-
icant experimental finding as it shows that edge chipping is largely in-
dependent of input parameters. For process design, this suggests that the
edge-chipping constraint can be decoupled from the selection of
aggressiveness aimed at productivity improvements.

Representative ground edges for the different nose radii are shown in
Fig. 5(e), (f), and (g). Small, evenly distributed defects can be observed
along the nose radius, which may reflect the high local scatter intro-
duced by the changing wheel topography and the limited anchorage of
WC hard particles in the Co binder [23]. Overall, the results indicate that
edge chipping does not depend significantly on aggressiveness for the
present wheel-workpiece combination and parameter range.

The relationship between specific grinding energy and aggressive-
ness number for grinding the nose radii is shown in Fig. 6. An expo-
nential decrease in specific energy is observed, which is consistent with
the size effect. At low aggressiveness values (Aggr < 4 x 10°), mea-
surements were erratic, and the specific energy became very high; this
range is therefore denoted as an “unstable region”. This figure also
shows the two constant-aggressiveness conditions investigated in this
work (Aggr = 4.85 x 107 and 12.0 x 10’6), which lie in the stable
region and avoid excessive diamond-workpiece rubbing and unnec-
essary cycle-time losses.

In addition to edge quality and specific energy, wheel wear is another
key aspect to consider when evaluating process performance. The rela-
tionship between grinding-wheel-wear volume and volume of removed
workpiece material for two aggressiveness conditions is shown in Fig. 7
(a). Increasing the aggressiveness number leads to a lower G-ratio due to
the higher mechanical loading of the diamond grits and, possibly,
increased binder wear. A fourfold increase in aggressiveness resulted in
an approximately tenfold decrease in the G-ratio. The percentage devi-
ation ranges from 9% to 12% at the higher aggressiveness level and from
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12% to 16% at the lower level. In the latter case, the error bars are too
small relative to the corresponding average values to be clearly visible in
the plot.

The reduced peak height Spk measured in the worn regions, which
provides a local measure of grit protrusion, decreased with increasing
volume of removed material for both aggressiveness conditions
(Fig. 7b), indicating progressive abrasive grit wear. Nevertheless, the 3D
topographies of the worn wheel regions for the two aggressiveness levels
(Figs. 7c and 7d) do not reveal a clear qualitative trend with removed
volume, and no pronounced differences were observed between the
abrasive layer before and after grinding with different material removal
volumes. The grits retained a largely flattened appearance.

The findings indicate that edge chipping is not a critical constraint
within the investigated range of grinding aggressiveness. However, the
decrease in aggressiveness leads to higher values of specific energy,
whereas increasing aggressiveness accelerates wheel wear and reduces
G-ratio.

Effective process control should therefore aim at maintaining
aggressiveness within an appropriate, approximately constant range. In
nose-radius grinding, this is not straightforward because the local ma-
terial removal rate and contact length change with angular position.
Achieving a constant aggressiveness profile thus requires an adaptation
of the process kinematics, which is examined in the following section.

5. Feasibility of process optimization using constant
aggressiveness-number in the grinding of the insert nose radius

To optimize the process and avoid the “unstable region”, it is
necessary to select an appropriate aggressiveness number Aggr. To
accomplish this, a strategy was developed to continuously vary the
insert angular speed while keeping the wheel speed constant. The
required angular speed to maintain a constant aggressiveness is given by
Eq. (18), obtained from Eq. (16).

Aggr v

(re — btanao/2)\/[1/sin (‘%") —-1 ] cosdy

The grinding time t;, which depends on the insert angular speed and
the nose angle, can be calculated by Eq. (19):

t _ /Il*é‘ 1
¢ o or(p)

The total grinding energy E of insert-nose grinding is determined by
Eq. (20), using Egs. (8), (10), (13), (14), and (17).

E— /H@d(p — 2 (b/2)b /7 e9)[1 /sin(*5) ~1]do
20)

wr(p)

For a given insert geometry, this expression shows that the total
energy depends only on the specific grinding energy. Grinding at con-
stant aggressiveness avoids the unstable region of high specific energy
and is therefore more energy efficient.

de 19)
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Fig. 5. Variation of the aggressiveness-number Aggr and edge chipping Ar along the nose radius with a variation of (a, ¢) insert angular speed wg (r. = 0.8 mm) and
(b, d) nose radius r, (wg = 35 °/s); (e, f, g) 3D images of the edges along the nose radius with different insert angular speeds and nose radii.

Considering the conditions a, = 0°, ¢ = 90°, r, = 1.2 mm, v; = 35 m/
s, and Aggr = 4.85 x 107° (at the transition region of the specific energy
curve), and Aggr = 12 x 107 (corresponding to a much lower specific
energy, see Fig. 6), the continuous lines in Fig. 8(a) are obtained, rep-
resenting the insert angular speed for the two constant-aggressiveness
values.

As aggressiveness approaches zero near the end of nose-radius
grinding (see Fig. 5a and b), the angular speed needed to achieve a
constant aggressiveness becomes very high. This cannot be realized in
practice due to the machine’s maximum angular speed limitation (200°/
s). Moreover, a truly continuous variation of angular speed is not
feasible because of CNC programming constraints. Therefore, to
approximate a constant aggressiveness along most of the nose radius, the
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curves presented in Fig. 8(a) (continuous lines) were discretized into
angular-speed levels (line + symbol) within the range of 0 < wg < 200°/
s. Neglecting the time required for acceleration between levels, the
resulting stepwise angular speed and corresponding grinding time evo-
lution are shown in Fig. 8(a) and (b). Curves for a constant angular speed
(wr = 60°/s, dotted green line) are included for comparison.

The total grinding energy consumed in tests with constant and var-
iable angular speeds (constant aggressiveness) was determined by
integrating the product of the tangential force and cutting speed over the
grinding time. The calculated values (Fig. 9) show that the proposed
strategy drastically reduces energy consumption (by approximately
84%). This is accompanied by a longer grinding time for the lower
aggressiveness level (increase of ~43%) and a shorter cycle time for the



C.E.H. Ventura et al. CIRP Journal of Manufacturing Science and Technology 69 (2026) 191-199

1 1,=0.8 mm, ©g=60"/s
i 1,=0.8 mm, og=35"/s

. 3000 ;

g 2500 I Aggr = constant 12-10-6

S = 106

2 2000 Aggr = constant 4.85-10

>

> 1500

d:, Stable region

w 1000 > o

& oo ° S e=14200/Aggr'” + 50

‘5 500 ®

2 o .0

o O o0

[72) 0 ()

0 3 6 9 12 15 18
Aggressiveness Number, Aggr (-10-6)
Fig. 6. Specific energy e vs. aggressiveness-number Aggr.
750 10
0 600 Aggr. = 8 x 10 F — %\\“‘L :
— . x 8
g E G-ratio = 30.3 /? s § r\‘FiA
'§ ‘3‘ 450 A o'y - -
2 & \ go
5 o 300 Aggr.=2x10°1 3 £
£ 2 %// Gratio=2916 | § -2,
O 8 150 :’ x
> @ e 2| ®)
0 5 10 15 20 25 0 5 10 15 20 25

Volume of removed material [10% x mm?®]

(c)Aggr. =2 x 10°®

V =6124.10 mm? V =24037.61 mm?

worn region

(d) Aggr. =8 x 10°®

V = 5894.55 mm®

100:

Fig. 7. Obtained (a) G-ratios, (b) reduced peak heights Spk for different aggressiveness-numbers Aggr, and (c, d) grinding wheel topographies after different material
removal volumes.

higher aggressiveness level (decrease of ~37%). Owing to limitations related to machine dynamics, the low acquisition rate of the force signal,
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and the combination of higher angular speeds with shorter contact
lengths, it was not possible to reliably resolve the tangential-force var-
iations (and therefore specific energy) associated with different angular-
speed segments.

6. Conclusions

Based on the modeling and experiments, the following conclusions
are drawn:

e The developed models demonstrate that the aggressiveness number
provides a robust framework for quantifying insert grinding; it is
capable of accounting for variations in contact geometry and
kinematics.

e Modeling allows the identification of (i) low-aggressiveness regions
along the nose radius, where feed rates can be increased, and (ii)
high-aggressiveness regions, where feed rates can be reduced, lead-
ing to an overall reduction of cycle time and wheel wear.

o Within the tested range, edge chipping varied only within a narrow
band and showed no systematic dependence on aggressiveness or
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angular position. This suggests that edge-chipping constraints can be
excluded from aggressiveness-based optimization.

The specific energy along the nose radius exhibits an exponential
relationship with changes in the aggressiveness number.

An increase in the aggressiveness number was associated with a
decrease in the G-ratio, showing that higher aggressiveness improves
energy efficiency but accelerates wheel wear, while edge quality
remains essentially unchanged. This quantifies a key trade-off for
selecting the operating window in industrial insert grinding.

A discretized angular-speed profile was implemented to approximate
constant aggressiveness along most of the nose radius within ma-
chine limitations. Experiments confirmed that this strategy can
reduce the total grinding energy by about 84%, with only moderate
changes in cycle time (longer at low aggressiveness, shorter at high
aggressiveness) and no deterioration in edge chipping.

Overall, the results demonstrate that the developed modeling
framework is capable of analyzing and optimizing insert grinding —
linking process geometry and kinematics to energy requirements and
wheel wear. Because it relies only on nominal process parameters,
the approach is directly transferable to other superhard insert ma-
terials (e.g., PCBN, PCD) without the need for a detailed wheel-
topography characterization.

These above results also indicate the following practical implications
and directions for further work.

Small anchorage of carbide grains at the edge reduces the sensitivity
of edge quality to process parameters. Therefore, reduced edge chipping
should be obtained primarily by improvements in tool material prop-
erties (e.g., increased fracture toughness) rather than by process
optimization.

Maintaining constant aggressiveness along the entire nose radius is
limited by the machine’s maximum angular speed. However, the lack of
fully continuous angular-speed profile (discretization) was not an issue
because changes in angular speed during insert rotation could be
neglected due to the very high acceleration/deceleration provided by
the machine.

Future work should address the application of the theory of aggres-
siveness to plunge-face dressing processes typically employed in insert
grinding machines. This would allow the determination of the influence
of a combined aggressiveness number (for dressing and grinding) on
grinding outputs without the need for wheel-topography
characterization.
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