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Abstract One of the possible engineering solutions in devel-
oping grinding technology is modifying the structure of the
grinding wheels. This solution is applicable and feasible for
industrial conditions as it does not require interfering with the
construction of the grinding machine. This article presents an
important aspect of the development of new grinding wheels,
which uses multiple criteria to evaluate their effectiveness in
the grinding process. An analysis of previously used methods
of grinding effectiveness evaluation was performed. A num-
ber of criteria for evaluating the most important expenditures
and effects of these processes were highlighted. Next, a com-
parative evaluation of effectiveness of the six suggested grind-
ing wheel modifications with sintered microcrystalline corun-
dum grains and ceramic bond was performed. These grinding
wheels were characterized by the following structural modifi-
cations: zone-diversified structure, modification of the bond
microstructure, microdiscontinuities of the grinding wheel ac-
tive surface, sandwich structure with a centrifugal system for
provision of the coolant into the grinding zone as well as
impregnated grinding wheel. Additionally, a grinding wheel
whose structure was composed of a number of modifications
was considered. The essential advantages and disadvantages

of the structural types of small-sized grinding wheels for pe-
ripheral grinding were determined. The results of the analysis
of the effectiveness of the suggested solutions showed that it is
possible to adjust the grinding wheel construction to the ex-
pected results of the given grinding operation as well as the
technological conditions. It is also possible to combine these
modifications in order to obtain additional synergetic effect of
their positive influence on the grinding process.

Keywords Grinding effectiveness . Internal cylindrical
grinding . Grinding wheel

Abbreviations
GF Grinding fluid
GWAS Grinding wheel active surface

1 Introduction

Due to its specific kinematics, the internal cylindrical grinding
process is often described as one of the most difficult forms of
machining using grinding wheels. Minor difference between
grinding wheel and workpiece diameters results in a very long
zone of contact between abrasive grains and ground surface.
These conditions make internal cylindrical grinding extremely
demanding for grinding wheels, especially in the context of
their durability and operational time. The mechanical energy,
introduced into the grinding process, resulted from the tool
and the machined material’s relative movement and is mostly
transformed into heat [1, 2]. This causes a high thermal load
for the grinding zone resulting from friction and deformation
phenomena accompanying chip formation and material re-
moval. This long contact zone between grinding wheel active
surface (GWAS) and workpiece surface significantly hinders
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the effect of the grinding fluid. This is another factor impeding
the heat dissipation from the grinding zone in the described
process, which contributes to generation of grinding defects
(undesired tensile residual stresses of workpiece surface layer,
microfractures, grinding burns, etc.) [1, 2].

The long path of contact also leads to clogging of the
GWAS by chips of the workpiece material, particularly when
a process is conducted at a high material removal rate. This
phenomenon results from the difficulty of transporting the
grinding products (mainly chips) outside the grinding zone
in the intergranular spaces of the GWAS. The clogging mate-
rials not only decrease the grinding wheel’s cutting ability but
they also increase friction and cause temperature increase in
the process [3].

Another problem is the impeded provision of the grinding
fluid (GF) into the grinding zone. The most frequently used
cooling method does not guarantee even the provision of the
GF whose effectiveness is constantly decreased as the grind-
ing wheel moves into the opening. Because of the small size of
the grinding wheel, it is not possible to use more advanced
coolant provision techniques in such processes, e.g. the pres-
sure method or using a “shoe” nozzle, as is done in case of
surface grinding or external cylindrical grinding [4–6].

The literature can provides many examples of innovative
grinding wheel design, for example, manufacturing the
GWAS with defined grain pattern [7], introducing macro-
discontinuities on the GWAS [8] or using pattered grinding
wheels [9, 10]. These publications show that the design of
abrasive tools is a crucial process from the point of view of
efficiency as well as repeatability of the grinding process. The
abrasive tool design for internal cylindrical processes should
guarantee the following:

– Obtaining a multi-porous structure and simultaneously
maintaining the required grinding wheel strength

– Even wear of the abrasive grains and the bond taking
place in microvolumes

– Successful provision of the GF into the grinding zone
during all stages of the process in order to obtain suffi-
cient lubrication and cooling effects

– Effective transportation of chips and other grinding prod-
ucts (crushed grains) outside the grinding zone

– Decreasing the adhesion of chips to the GWAS in order to
limit or eliminate the clogging phenomenon

One of the possible engineering solutions in the develop-
ment of internal cylindrical grinding technology is modifying
the grinding wheels’ structure. Such modification usually does
not require interfering with the construction of the grinding
machine, which makes it feasible and applicable to industrial
conditions. An important aspect of the development of new
grinding wheels involves the evaluation of multiple criteria
and their effectiveness in the grinding process.

Grinding effectiveness, defined in technological and eco-
nomic terms, is understood as the relationship between the
resulting machining effects and the expenditure required to
achieve them. The results of are usually described by the fol-
lowing indirect parameters [1–3]:

– Grinding force
– Grinding power
– Absolute energy consumption
– Grinding temperature
– Vibrations of the machine-fixture-workpiece-tool system
– Acoustic emission
– Grinding capacity

and with the direct parameters such as the following:

– Surface roughness and waviness after grinding
– Residual stresses and microhardness of the workpiece

surface layer
– Workpiece shape and dimensions
– Macro- and micro-wear of the grinding wheel
– Clogging of the grinding wheel active surface (GWAS)

In the case of the evaluation of abrasive machining effec-
tiveness in relation to the grinding results, the crucial factors
are the machined surface quality and the obtained material
removal rate. The most important factors describing the ex-
penditures are the grinding power and machining time that
directly influence the process costs.

The aim of this work was to evaluate multi-criteria meth-
odology for effective evaluation of the internal cylindrical
grinding process carried out using grinding wheels with struc-
tural modifications. Such evaluation should be very useful in
making modifications to a given grinding operation and its
technological conditions.

2 Methodology for evaluation of internal cylindrical
grinding with modified grinding wheels

Grinding effectiveness can be assessed using criteria divided
into five groups. These are qualitative and performance indi-
cators, grinding cost, grinding course, and associable indica-
tors, also called synthetic indicators [1–3]. Table 1 presents
indicators, from a survey of the literature, that have been fre-
quently used for indirect quantitative grinding evaluation; they
are divided into five groups.

It can be seen, from this survey, that there are two different
ways of evaluating grinding wheel wear properties and the
related grinding effectiveness. The first one concerns looking
for new and original methods of evaluating grinding wheels’
cutting capacity through, among others:
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– Measuring the magnetic field of the grinding wheel active
surface with a tendency to clogging [11]

– Measuring the acoustic pressure of the machine tool noise
measure in the grinding zone and changes of the work-
piece surface layer quality as a result of the “chatter”
phenomenon

– Evaluation of the GWAS abrasive wear level on the basis
of a photometric measurement of the average intensity of
light reflected from the GWAS towards components of
specular reflection, directed towards it in the form of
a parallel beam into the area much larger than the size
of an abrasive grain

– Measurement of the difference in temperatures in specific
cross-sections of the grinding zone [12, 13]

– Determination of the value of factors connected with fric-
tion work in its different forms (sliding friction and fric-
tion connected with plastic deformations and friction of
chips against the bond, as well as the bond against the
machined material) on the basis of the GWAS
stereometric parameters [14]

– Measuring the GWAS clogging intensity using a special
device registering the frequency of rectangular impulses
changing over the function of metal mass stuck to the
grinding wheel surface

The second approach results from the desire to determine
a generally acceptable recommended group of indicators.
Unfortunately, attempts at unification of the grinding results
evaluation methods have not led to the creation of a set of
indicators that would be widely accepted and used.

It may be assumed that the most universal and most often
applied grinding wheel cutting performance indicators (which
are closely related to grinding effectiveness) are those that
have been normalized. From the group presented in Table 1,
the following indicators were defined as norms:

– QI1=Ra, μm—arithmetic mean deviation of the work-
piece roughness profile

– QI3=μHV, N/mm2 microhardness in Vickers’ scale
– PI1=Qw, mm3/s—material removal rate
– PI4= vfr, mm/s—radial table feed speed
– GI1=Fn, N—the normal component of the grinding force
– GI3=Pc, kW—grinding power
– SI1=G=Vw/Vs, mm3/mm3—grinding indicator

Adopting the suggested evaluation criteria classifica-
tion (Table 1), it may be assumed that one of the catego-
ries should be expressed quantitatively using at least one
value, or a few values. It should be noted, however, that
increasing the number of monitored signals is not always
possible due to the limited number of sensors. In this
study, it was decided that indicators connected with grind-
ing costs would be omitted because of the difficulty in
estimating the particular production cost components
(specific to individual plant) and because they are only
valid during a given period of time.

The selection of the normalized indicators shows that the
machined surface quality may be evaluated with microhard-
ness and arithmetic mean deviation of the workpiece rough-
ness profile. It must be noted, however, that the majority of
publications evaluate the workpiece surface quality obtained
as a result of grinding processes, in terms of Ra, with infor-
mation concerning microhardness treated as of secondary
importance.

The evaluation of the process efficiency can be per-
formed on the basis of the material removal rate, Qw, or
in the case of grinding processes with radial table feed
through the speed of this movement vfr. The course of the
process is described by the normal component of the grind-
ing force Fn and the grinding power Pc. For the purpose of
comparing modifications in the grinding wheel construc-
tion, the material removal rate Vw was taken into consider-
ation. This rate measures the period of grinding wheel life,
as well as indicators describing the grinding wheel active
surface condition such as the maximum roundness devia-
tion Δ and surface share of clogging on the GWAS, Ac.

Table 1 Indices applied to the intermediate, quantitative evaluation of the grinding wheel cutting ability [1–3]

Qualitative indicators Performance indicators Grinding costs indicators Grinding course indicators Synthetic indicators of grinding

QI1 =Ra, μm
QI 2 =σ, N/mm2

QI 3 =μHV, N/mm2

QI 4 =Δ, μm

PI1 =Qw, mm3/s
PI2 =Qw/bs, mm3/s⋅mm
PI3 = jp, pieces/s
PI4 = vfr , mm/s
PI5 = vfr/bs, mm/s⋅mm

CI1 =Cs/Qw +
+ Cg/(Vw/Vs) +
+ Cd/ΔVw, $/mm3

CI2 = f(Cf, Cv), $/s

GI1 =Fn , N
GI2 =Fn/bs, N/mm
GI3 =Pc, kW
GI4 =Pc/bs, kW/mm
GI5 =Θ, K
GI6 = ae, μm
GI7 =Fn/AD, N/mm2

GI9 =Fng/ADz, N/mm2

GI9 ¼ λ ¼ e
−ln

Q
0
w = F

0
n

Qw = Fn

t2−t1 , s−1

SI1 =G=Vw/Vs, mm3/mm3

SI2 =Vs/Vw, mm3/mm3

SI3 =Vw/Vs⋅Pc, W
−1

SI4 =Vw/Vs⋅Pc⋅Ra, W−1⋅μm−1

SI5 =Vw⋅Fc/Vs, N
SI6 = fr/Fn, mm/s⋅N
SI7 =Qw/Fn, mm3/s⋅N
SI8 =Qw/Pc, mm3/s⋅W
SI9 =Vw/Fn⋅λ, mm3/N
SI10 =Vw/Fn⋅λ⋅Θ, mm3/N⋅K
SI11 =Vw

2/Vs⋅Fn, mm3/N
SI12 = 1/Fp⋅Ra, N−1⋅μm−2
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The group of synthetic indicators involved in grinding
wheel effectiveness assessment included grinding indicator
G and the synthetic index of single abrasive grain material
removal rate SIQ:

SIQ ¼ Qwcor⋅vw
Nkin⋅π⋅ds⋅T ⋅vs

μm3
.
s; ð1Þ

where:

Qwcor Corrected material removal rate, taking into
consideration the prolongation of the real machining
time caused by grinding wheel retardation, mm3/s

bs Width of the grinding wheel measured parallel to the
wheel axis, mm

ds External grinding wheel diameter, mm
Nkin The number of kinetic cutting apexes per unit of the

grinding wheel surface, mm−2

vs Grinding wheel peripheral speed, m/s
vw Workpiece peripheral speed, m/s.

It was also decided that this group of criteria should also
include GF flow rate, QGF, as an indicator determining one of
the ecological aspects of the grinding process resulting from
the necessity of utilization of machining fluids.

The final selection of criteria, used to assess the effective-
ness of grinding with modified grinding wheels, include the
following indicators from five groups:

– Qualitative: Ra
– Efficiency: Qw

– Grinding course: ΔP, Vw, Δ, A
– Ecological: QGF

– Synthetic ones: G, SIQ

3 Characteristics of the assessed innovative grinding
wheel structural modifications

The effectiveness of the internal cylindrical grinding process
using grinding wheels possessing innovative structural modi-
fications, expressed using a group of nine indicators, was
compared with the results obtained using reference grinding
wheels. Table 2 includes characteristics of six modified grind-
ing wheels with a description of the reference grinding wheels
to which were used for comparison with specific
modifications.

4 Evaluation results of the effectiveness of internal
cylindrical grinding with modified grinding wheels

Table 3 presents a comparison of absolute values with reference
to the effectiveness evaluation indicators determined for grind-
ing wheels with innovative modifications and values pertaining
to reference grinding wheels. The values of the effectiveness
evaluation indicators were calculated from the results of exper-
imental tests of the grinding process. Table 4 presents a sum-
mary of the main parameters for the grinding experiments for
each type of grinding wheel structural modification. The num-
ber of the indicators determined varied depending on the par-
ticular modifications and was selected so as to include the most
important features of the evaluated solution.

In order to illustrate the influence of the given grinding
wheel construction modification on the selected effectiveness
evaluation indicators, radial charts of values expressed in per-
centages were created and are presented in Fig. 1. In these
charts, fragments of lines connect data points. When the
values of given effectiveness indicators were not determined,
a broken line was drawn (these sections correspond to signs
“–” in Table 3).

What can be selected on basis of the charts presented in
Fig. 1 are those grinding wheel modifications which have the
greatest influence on the given criterion of cylindrical grinding
effectiveness evaluation. The introduction of zone-diversified
structure of the grinding wheel (M1), GF provision system
(M4), impregnation of the grinding wheel with graphite
(M5), and integration of the modifications (M6) makes it pos-
sible to limit the machined surface roughness from between 21
and 35 %. Modification of the bond microstructure (M2) and
the GWAS microdiscontinuities (M3), on the other hand,
causes an increase of this criterion by 26 to 83 % (Fig. 1a).

In order to achieve the most reliable determination of the
influence of the grinding wheel modification, grinding with ref-
erence grindingwheels was carried out with the samemachining
parameters. As a result of such an experimental test methodolo-
gy, it was impossible to determine the influence of the examined
modifications on the grinding material removal rate (Fig. 1b).

During analysis of changes in the grinding power, it was
observed that the most meaningful decrease in this indicator
(by 66 %) is possible in the case of modification integration
(M6 on Fig. 1c). Approximately 20–30 % increase in the ΔP
value, in comparison with the reference grinding wheel, was
observed for the grinding wheel with microdiscontinuities
(M3) and the grinding wheel impregnated with graphite
(M5). In the case of the remaining grinding wheel structural
modifications (M1, M2, and M4), their influence on this pa-
rameter was minor (Fig. 1c).

Values of the machined material removal rate Vw (Fig. 1d)
make it possible to assess the given grinding wheel life period,
which was determined for grinding wheels with modified
bond (M2) and with GWAS microdiscontinuities (M3).
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Table 2 Characteristics of the modified and reference grinding wheels against which efficiency was assessed

Modified grinding wheel

Reference grinding wheel

(description and 

designation)

M
o

d
if

ic
at

io
n

 

co
d

e
Modification 

name and the 

grinding process 

in which the 

grinding wheel 

has been tested

Details of construction

and designation

Construction scheme or 

microscopic SEM image

M1

Zone-diversified 

structure

Single-pass 

(traverse) 

grinding of 

100Cr6 steel

[15, 16]

The proportionate height of 

rough grinding bs1 and finish 

grinding bs2 zone:

bs1/bs2 = 70%/30%

Parameters of conic 

chamfer:

= 0.91

b = 12.6 mm

Technical designation:

1-35×20×10-

SG/F46K7VDG70% 

/ SG/F80I7VDG30%

Description:

grinding wheel without 

zone-diversified structure, 

with conic chamfer 

enabling single-pass 

(traverse) grinding

Parameters of conic 

chamfer:

= 0.91

b = 12.6 mm

Technical designation:

1-35×20×10-

SG/F46K7VDG100%

M2

Modification of 

the ceramic bond

microstructure

Plunge grinding 

with oscillations 

of 100Cr6 steel

[17, 18]

Bond:

glass-crystalline 

Bond structure:

polymicrocrystalline-

amorphous

Type of crystalline phase: 

gahnit and willemit

Technical designation:

1-35×10×10-

SG/F46G10VTO

Bond:

glass

Bond structure:

amorphous

Technical designation:

1-35×10×10-

SG/F46G10V

M3

Micro-

discontinuities

of the GWAS

Single-pass 

(traverse) 

grinding of 

100Cr6 steel

[19]

Parameters of 

microdiscontinuities:

LR = 6.43 mm

tcir = 9.38 mm

tax = 0.23 mm

bR = 1.72 mm

The relative area of 

microdiscontinuities

on the GWAS:

AR = 34.61%

Technical designation:

1-35×20×10-

SG/F46K7VDG70% 

/ SG/F80I7VDG30%

Description:

grinding wheel with 

zone-diversified

structure without

micro-discontinuities

of the GWAS

Technical designation:

1-35×20×10-

SG/F46K7VDG70% 

/ SG/F80I7VDG30%

Ua =20kV 10 m

ns

nd

vfd

b

t cir

tax

L R

bR

b b

bs

v

1000
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Table 2 (continued)

Modified grinding wheel

Reference grinding wheel

(description and 

designation)

M
o

d
if

ic
at

io
n

 

co
d

e
Modification 

name and the 

grinding process 

in which the 

grinding wheel 

has been tested

Details of construction

and designation

Construction scheme or 

microscopic SEM image

M4

Sandwich 

grinding wheel 

with 

a centrifugal 

system for 

provision of the 

coolant into the 

grinding zone

Single-pass 

(traverse) 

grinding of 

100Cr6 steel

[20]

Description:

divider with four channels

of diameters dk = 3.0 mm, 

for provision of the coolant 

directly into the grinding 

zone

Technical designation:

1-35×20×10-

SG/F46K7VDG70% 

/ SG/F80I7VDG30%

Description:

grinding wheel with 

zone-diversified

structure without

a centrifugal system of

provision of the coolant

into the grinding zone

Technical designation:

1-35×20×10-

SG/F46K7VDG70% 

/ SG/F80I7VDG30%

M5

Impregnated 

grinding wheel

Reciprocal 

grinding of 

Titanium

Grade 2
®

[21]

Impregnant: graphite

Impregnation method:

immersion in a solution of  

colloidal graphite powder

Weight before 

impregnation:

17.22 g

Weight after impregnation:

17.49 g

Technical designation:

1-35×10×10-

SG/F46G10VTO

Description:

Nonimpregnated 

grinding wheel

Technical designation:

1-35×10×10-

SG/F46G10VTO

M6

Integration of 

grinding wheel 

structural 

modifications

Single-pass 

(traverse) 

grinding of 

100Cr6 steel

[22]

Integrated modification M1, 

M3 and M4 in one grinding 

wheel:

– zone-diversified

structure (M1)

– micro-discontinuities

shaped on active surface

of the rough grinding

zone (M3)

– centrifugal system for

provision of the coolant into 

the grinding zone (M4)

Technical designation:

1-35×20×10-

SG/F46K7VDG70% 

/ SG/F80I7VDG30%

Description:

grinding wheel without 

zone-diversified structure, 

with conic chamfer 

enabling single-pass 

(traverse) grinding

Parameters of conic 

chamfer:

= 0.91

b = 12.6 mm

Technical designation:

1-35×20×10-

SG/F46K7VDG100%

a e

nwns

Coolant

vfa

Graphite Abrasive grain
covered with bond

Ua = 20 kV 100 m

Coolan
t

Rough grinding
abrasive segment

Finish grinding
abrasive segment

Micro-
discontinuities

Arbor
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T
he

va
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es

of
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fi
ci
en
cy

in
di
ca
to
rs
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th
e
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di
ng

w
he
el
s
w
ith

in
no
va
tiv

e
m
od
if
ic
at
io
ns

(M
)
an
d
re
fe
re
nc
e
gr
in
di
ng

w
he
el
s
(R
)

M
od
if
ic
at
io
n
co
de

E
ff
ic
ie
nc
y
in
di
ca
to
rs

Q
ua
lit
at
iv
e

P
er
fo
rm

an
ce

G
ri
nd
in
g
co
ur
se

E
co
lo
gi
ca
l

Sy
nt
he
tic

R
a,
μ
m

Q
w
,m

m
3
/s

Δ
P,
W

V
w
,m

m
3

Δ
,μ

m
A
c,
%

Q
G
F,
L

G
,–

SI
Q
,μ

m
3
/s

R
M

R
M

R
M

R
M

R
M

R
M

R
M

R
M

R
M

M
1

0.
32

0.
25

23
.9
3

23
.9
3

70
7.
9

68
8.
3

–
–

–
–

–
–

5.
0

5.
0

–
–

62
,2
36

50
,9
40

10
0
%

76
%

10
0
%

10
0
%

10
0
%

97
%

–
–

–
–

–
–

10
0
%

10
0
%

–
–

10
0
%

82
%

M
2

0.
30

0.
38

7.
14

7.
14

38
2.
6

35
6.
8

46
,4
00

46
,4
00

47
.2
8

32
.5
0

–
–

4.
0

4.
0

10
2.
1

69
.5

–
–

10
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%

12
6
%

10
0
%

10
0
%

10
0
%

93
%

10
0
%

10
0
%

10
0
%

69
%

–
–

10
0
%

10
0
%

10
0
%

68
%

–
–

M
3

0.
23

0.
42

23
.9
3

23
.9
3

67
9.
3

81
1.
1

13
64

40
92

–
–

–
–

5.
0

5.
0

–
–

50
,9
40

71
,4
00

10
0
%

18
3
%

10
0
%

10
0
%

10
0
%

11
9
%

10
0
%

30
0
%

–
–

–
–

10
0
%

10
0
%

–
–

10
0
%

14
0
%

M
4

0.
31

0.
20

17
.9
2

17
.9
2

72
3

67
3

–
–

–
–

–
–

5.
0

1.
0

–
–

–
–

10
0
%

65
%

10
0
%

10
0
%

10
0
%

93
%

–
–

–
–

–
–

10
0
%

20
%

–
–

–
–

M
5

1.
47

1.
22

8.
80

8.
80

70
90

–
–

–
–

28
.3
1

3.
21

4.
0

4.
0

–
–

–
–

10
0
%

83
%

10
0
%

10
0
%

10
0
%

12
9
%

–
–

–
–

10
0
%

11
%

10
0
%

10
0
%

–
–

–
–

M
6

0.
33

0.
26

17
.9
2

17
.9
2

83
2

37
0

–
–

–
–

–
–

5.
0

1.
0

–
–

48
,9
70

56
,1
75

10
0
%

79
%

10
0
%

10
0
%

10
0
%

44
%

–
–

–
–

–
–

10
0
%

20
%

–
–

10
0
%

87
%
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Application of the latter modification allowed for triple exten-
sion of the grinding wheel operating time in comparison with

the grinding wheel without GWAS microdiscontinuities
(Fig. 1d).

Table 4 Operational parameters
of grinding experiments Grinding wheel modification

code and name
Grinding process Grinding parameters

Grinding wheel
with
modifications

Reference
grinding
wheel

M1 Zone-diversified structure Single-pass (traverse)
grinding of 100Cr6 steel

vs= 60 m/s

vw= 0.75 m/s

ae= 0.20 mm

vfa = 2.0 mm/s

QGF= 5.0 L/
min

vs= 60 m/s

vw= 0.75 m/s

ae= 0.20 mm

vfa = 2.0 mm/s

QGF= 5.0 L/
min

M2 Modification of the ceramic
bond microstructure

Plunge grinding with
oscillations of 100Cr6

steel

vs= 60 m/s

vw= 1.5 m/s

ae= 0.20 mm

vfa= 20 mm/s

vfr= 0.2 mm/
min

QGF= 4.0 L/
min

vs= 60 m/s

vw= 1.5 m/s

ae= 0.20 mm

vfa= 20 mm/s

vfr= 0.2 mm/
min

QGF= 4.0 L/
min

M3 Micro-discontinuities of the
GWAS

Single-pass (traverse)
grinding of 100Cr6 steel

vs= 60 m/s

vw= 0.75 m/s

ae= 0.20 mm

vfa= 2.0 mm/s

QGF= 5.0 L/
min

vs= 60 m/s

vw= 0.75 m/s

ae= 0.20 mm

vfa= 2.0 mm/s

QGF= 5.0 L/
min

M4 Sandwich grinding wheel
with a centrifugal

system for provision of the
coolant into the grinding zone

Single-pass (traverse)
grinding of 100Cr6 steel

vs= 60 m/s

vw= 0.75 m/s

ae= 0.15 mm

vfa= 2.0 mm/s

QGF= 5.0 L/
min

vs= 60 m/s

vw= 0.75 m/s

ae= 0.15 mm

vfa= 2.0 mm/s

QGF= 1.0 L/
min

M5 Impregnated grinding wheel Reciprocal grinding of
Titanium Grade 2®

vs= 18 m/s

vw= 1.10 m/s

ae= 0.15 mm

vfa= 20 mm/s

QGF= 4.0 L/
min

vs= 18 m/s

vw= 1.10 m/s

ae= 0.15 mm

vfa= 20 mm/s

QGF= 4.0 L/
min

M6 Integration of grinding wheel
structural modifications

Single-pass (traverse)
grinding of 100Cr6

steel

vs= 60 m/s

vw= 0.60 m/s

ae= 0.20 mm

vfa= 1.5 mm/s

QGF= 5.0 L/
min

vs= 60 m/s

vw= 0.60 m/s

ae= 0.20 mm

vfa= 1.5 mm/s

QGF= 1.0 L/
min

Grinding machine: universal grinding machine RUP 28P by Mechanical Works Tarnow SA, Poland, equipped
with spindle type EV-70/70-2WB produced by Fisher, Switzerland (max. rpm 60,000 1/min, power of machine
cutting 5.2 kW)

Dresser: single-grain diamond dresser Qd= 1.25 kt

Dressing parameters: nsd= 12 000 rpm, vfd= 10 m/s, ad= 0.0125 mm

Grinding fluid: 5 % water solution of Castrol Syntilo RHS oil
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Changes in the grinding wheel roundness errors Δ in
the period of its durability and volume wear of the grind-
ing wheel Vs, necessary for the determination of the grind-
ing indicator G, were registered only in case of grinding
with grinding wheels that use a modified bond structure.
Results of the evaluation of these two indicators (Δ and

G) made it possible to decrease the number of shape er-
rors, with the application of bond modification, by 30 %
(Fig. 1e), with a simultaneous proportional drop in the G
indicator value (Fig. 1h).

Another indicator for the effectiveness of carrying out eval-
uations of modified grinding wheels referred to the share of
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Fig. 1 The percentages of efficiency indicators for modified grinding
wheels in relation to reference grinding wheels. a Arithmetic mean
deviation of the workpiece roughness profile Ra. b Material removal
rate Qw. c Grinding power gain ΔP. d Material removal Vw.

e Maximum roundness deviation of the GWAS Δ. f Surface share of
the grinding wheel cloggings Ac. g Grinding fluid flow rate QGF. h
Grinding index G. i Synthetic index of single abrasive grain material
removal rate SIQ
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surface clogging on the GWAS Ac. This indicator was the most
important in examinations of impregnated grinding wheels
used during the processes of grinding hard-to-cut materials,
for which reason its value was determined only in this case.
A considerable (over 90 %) decrease of the share of GWAS
clogging Ac with the machined material for the grinding wheel
impregnated with graphite (M5 in Fig. 1h) was also found.

A comparison of the ecological indicator value QGF for the
examined modifications showed the possibility of a definitive
(fivefold) reduction of its value in the case of utilizing

grinding wheels with the system of internal GF provision to
the grinding zone—modifications M4 and M6 in Fig 1g.

In the case of the modification of the grinding wheel struc-
ture, for which it was possible to determine changes in mate-
rial removal rate per single cutting apex SIQ, the values of this
indicator (Fig. 1i) corresponded to changes in the machined
surface roughness expressed by Ra (Fig. 1a).

Figure 2 presents charts demonstrating percentile changes
in the values of particular grinding effectiveness evaluation
indicators, as determined for the six examined grinding wheel
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Fig. 2 Efficiency indicators of
modified grinding wheels in
relation to reference grinding
wheels. a M1—zone-diversified
structure. b M2—modification of
the bond microstructure.
c M3—microdiscontinuities of
the GWAS. d M4—sandwich
grinding wheel with a centrifugal
system for provision of the
coolant into the grinding zone.
e M5—impregnated grinding
wheel. f M6—integration of
grinding wheel structural
modifications
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structural modifications, and in relation to proper reference
grinding wheels. This comparison makes it possible to evalu-
ate the advantages and disadvantages of different applications
of the given modification.

Zone-diversification of the grinding wheel structure (M1)
applied in single-pass grinding allows for a 24 % decrease of
machined surface roughness Ra and a minor decrease in the
grinding powerΔPwhich does not influence material remov-
al rate Qw or coolant expenditure (Fig. 2a).

Modification of the ceramic bond microstructure exerts
a positive influence on errors in grinding wheel shape Δ
and grinding power ΔP, a neutral influence on material
removal rate Qw, durability Vw, and GF expenditure, and a
negative influence on the machined surface roughness Ra
and the grinding indicator G (Fig. 2b). This means that
such modifications should be used in processes in which
the grinding wheel is in operation for a lengthy period of
time and require the smallest roundness errors possible,
taking into consideration both an increase in volume wear
and a deterioration in the quality of the machined surface
in comparison with the reference grinding wheel.

Shaping GWAS microdiscontinuities caused an 83 %
increase in the machined surface roughness and a 19 %
increase in the grinding power. The values of these indi-
cators were determined as an average of the grinding
wheel’s durability period, which in the case of the grind-
ing wheel with microdiscontinuities was three times lon-
ger (Fig. 2c).

Application of the system of internal GF provision into the
grinding zone did not influence the material removal rate Qw,
but it did have a positive influence on the machined surface
roughness (Ra parameter lowered by 35%), the grinding pow-
er (ΔP lowered by 7 %), and the grinding fluid expenditure
(QGF lowered by 80 %) in comparison with the reference
grinding wheel (Fig. 2d).

The most important reason for impregnating the grind-
ing wheel with graphite was the limitation of the phenom-
enon of GWAS clogging with ground products, mostly
machined material chips. As the comparison of effective-
ness evaluation indicators for this modification shows
(Fig. 2e), an 89 % drop in the surface share of clogging
on the GWAS Ac was observed, with a simultaneous 17 %
decrease of the machined surface roughness described by
parameter Ra and a 29 % increase in the grinding power
ΔP.

The last of the charts presented in Fig. 2 refers to the inte-
gration of three modifications in one grinding wheel (Fig. 2f).
The percentage values of the effectiveness indicators showed
a fivefold decrease in the GF expenditure, a decrease of the
grinding power by 66 %, and a decrease in the machined
surface roughness by 21 %, all the while maintaining a level
of material removal rate Qw in comparison with the reference
grinding wheel.

5 Conclusions

The multi-criteria methodology applied to the assessment
of the effectiveness of grinding process with grinding
wheels utilizing innovative structural modifications was
compared to results obtained for reference grinding
wheels—free from modifications. The values of the effec-
tiveness indicators made it possible to examine particular
solutions and indicate their strengths and weaknesses. The
most important advantages of the assessed modifications
include the following:

– Decreasing the surface roughness after grinding,
expressed by the parameter Ra within the range of 17 to
35 % (modifications M1, M4, M5, M6).

– Limitation of the grinding power increase ΔP from 3 to
66 % (modifications M1, M2, M4, M6).

– A threefold prolongation of the grinding wheel life,
expressed with material removal Vw, in the case of the
application of GWAS microdiscontinuities (modification
M3).

– About 30 % limitation of the grinding wheel roundness
error valueΔ in the case of the application of a modified
bond microstructure is possible to obtain using modifica-
tion M2.

– Decreasing the intensity in the creation of cloggings on
the GWAS during the processes associated with grinding
hard-to-cut materials, expressed by an 89 % reduction of
the surface share of the cloggings Ac in the case of the
application of grinding wheels impregnated with graphite
(modification M5).

– The possibility of achieving positive ecological results
through a fivefold decrease in the GF expenditure QGF,
in the case of the application of the system of internal
grinding fluid provision (modifications M3 and M6).

Apart from the positive aspects of their application, the
innovative grinding wheel structural modifications, described
here, are also characterized by their negative influence upon
some of the evaluated grinding process parameters. In partic-
ular, these are as follows:

– Deterioration of the machined surface roughness
expressed by parameter Ra (between 23 and 83 %) in
the case of the application of grinding wheels with mod-
ified ceramic bond microstructure and grinding wheels
with GWAS microdiscontinuities (modifications M2
and M3)

– Increased grinding power ΔP by 19 % in the case of
grinding using a grinding wheel with GWAS
microdiscontinuities (M3) and by 29 % in the case of
the application of a grinding wheel impregnated with
graphite (M5)
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– A 32 % decrease of the grinding parameter G in the pro-
cess of grinding carried out using a grinding wheel with
modified ceramic bond microstructure (M2)

Awide variety of suggested solutions makes it possible to
adjust modifications to the given grinding operation and tech-
nological conditions. It is also possible to combine modifica-
tions in order to obtain the additional synergetic effect of their
positive influence on the process of internal cylindrical grind-
ing with sintered microcrystalline corundum grains.

In future work, the authors will focus on solutions which
enable minimizing or eliminating the indicated disadvantages
of selected grinding wheel structural modifications. There is a
wide range of options for future improvement of described
modifications, particularly in the case of the microstructure
of ceramic bond (changes in the share and type of the crystal-
line phases), impregnated grinding wheels (changes in the
type of impregnate, the degree of pore filling by impregnation)
as well as microdiscontinuities of the GWAS (changes in the
share, orientation, and shape of microdiscontinuities).

6 Nomenclature

Ac Surface share of the grinding wheel cloggings on the
grinding wheel active surface, %

AD Cross-section of cutting layer, mm2

ae Machining allowance (working engagement), μm
ad Dressing allowance, mm
bs Width of the grinding wheel measured parallel to the

wheel axis, mm
Cd Costs of a single dressing cycle, $
Cf Fixed costs, $
Cg Costs of grinding wheel, $/mm3

Cs costs of grinding machine servicing, $
Cv Variable costs, $
ds External grinding wheel diameter, mm
Fc Cutting force, N
Fn Normal component of the cutting force, N
Fng Normal component of the cutting force per single

abrasive grain, N
fr Radial table feed, mm
G Grinding indicator (G=Vw/Vs), mm3/mm3

jp Number of completed workpieces
Nkin The number of kinetic cutting apexes per unit of the

grinding wheel surface, mm−2

nsd Grinding wheel rotational speed while dressing, rpm
Pc Cutting/grinding power, W
Qd Diamond dresser mass, kt
QGF Grinding fluid flow rate, L/min
Qw Material removal rate, mm3/s
Qwcor Corrected material removal rate, taking into

consideration the prolongation of the real machining

time caused by grinding wheel retardation, mm3/s
Ra Arithmetic mean deviation of the workpiece

roughness profile, μm
SIQ Synthetic index of single abrasive grain material

removal rate, μm3/s
Vs Grinding wheel volumetric wear, mm3

Vw Material removal, mm3

vfa Axial table feed speed while grinding, mm/s
vfd Axial table feed speed while dressing, mm/s
vfr Radial table feed speed, mm/s
vs Grinding wheel peripheral speed, m/s
vw Workpiece peripheral speed, m/s

Greek symbols

σ Stresses in the workpiece surface layer, N/mm2

Δ Maximum roundness deviation of the grinding wheel,
μm

ΔP Grinding power gain
λ Factor characterizing the intensity of changes in the

grinding wheel cutting ability
μHV Microhardness of the workpiece surface layer in

Vickers’ scale, N/mm2

Θp Grinding temperature, K
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