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Abstract

In the article, the authors present the concept of a mathematical model
used to study the influence of the properties of the base materials used
to produce an innovative abrasive wheel background on the operating
characteristics of the final tool. This model will be used to verify
various material and construction solutions. The article also covers the
outcomes of research that confirm the developed model’s effectiveness
in relation to the operation of lamellar grinding discs, as per their
intended technological goal. The experiments involved surface
grinding with grinding wheels constructed on chosen backgrounds. A
dedicated research stand was designed to measure the temperature in
the grinding zone without direct contact, using both new and used
grinding discs. The tests incorporated various load levels applied by the
grinding disc on the workpiece, as well as different working angles of
the grinding disc.

= The concept of a mathematical model to
verify various material and construction
solutions of abrasive wheel background.

= The research stand was designed to measure
the temperature in the grinding zone without

direct contact.
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1. Introduction

The purpose of the proper use of the grinding wheel is
maintenance its full suitability for grinding the surface of
parts in accordance with the technological purpose [1,10]. An
important aspect is also the grinding wheel self-regeneration
during the process of its use [12,18]. Operational practice
indicates the assessment of the technical condition based on
the analysis of numerical values of the control parameters
[6,23]. The tool wear process can be characterized by the
change of control parameters [26,28]. Tool condition
monitoring reduces the production costs and time required to
service cutting tools as well as increases the efficiency of the

manufacturing process [4,5,11]. Various strategies and
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techniques are used in the interpretation of measured data
[20,29,30]. Control actions are specified based on the
obtained data in order to close the process control loop
[35,36]. The use of these data for modeling allows for
a detailed analysis of the obtained measurement results
[25,26]. An essential problem in the production process is to
identify and select the important factors affecting its stability
[34]. This allows an evaluation of the current condition and
implementation of the solutions to compensate the
disturbance, if it is identified [4,17,23]. A separate issue is to
conduct laboratory test to determine the strength of individual

components. Based on this and with the use of statistical tools,
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an approach rationalizing the operation of technical systems is
determined [16,30,31].

Much work is being carried out to obtain appropriate
indicators of the durability of abrasive tools. The article [1]
presents the results of experimental research on the
phenomenon of chip accumulation on the active surface of
a ceramic grinding wheel with CBN grains during grinding of
nickel alloys. Reducing the cutting capacity of the grinding
wheel leads to the high cutting forces and an increase in
temperature in the cutting zone. The authors presented an
analytical model describing the influence of the cutting
parameters and grinding wheel design on the adhesion of
chips to the active surface of the grinding wheel. Nadolny
[21] analyzed the wear process of the active surface of
a grinding wheel with different volumes of a ceramic binder
with a glass-crystalline structure and sintered corundum
grains. During experimental tests, bearing rings made of
100Cr6 steel (62 HRC) were ground. The results of the tests
showed that the increase in the volume of bonds translated
into lower abrasive wear of CPS.

Another direction of research is to maintain the integrity of
the grinding wheel during roughing and finishing. The article
[8] examined the influence of the glass transition of the
grinding wheel on the development of strength between
abrasive grains and connecting bridges, as well as the nature
of the cracking and wear of vitrified grinding wheels used for
precision grinding. The article [27] presents an approach to
reducing operating costs by using conventional grinding
wheels with ceramic grains and a binder with high retention
and a lower bond to abrasive ratio. The adopted solution was
assessed using the Doology method, where its effectiveness
was demonstrated. A separate, important group of studies on
the grinding wheel operation process is the analysis of the
physical phenomena in the cutting zone. Rasim et al. [24]
used a high-speed camera to analyze the work of
a single CBN abrasive grain during grinding of AISI 5210
hardened steel. Based on the results obtained, the phases of
the chip formation and abrasive grain cavities were defined.
The authors proposed a quantitative model of the chip
formation that takes into account the three-dimensional shape
of the grains as well as the cutting speed and cooling

conditions in the cutting zone. A similar topic was discussed

by Kacalak et al. [9]. The interaction between a single
abrasive grain and the workpiece has been divided into three
stages, where the share of each stage depends on the
properties of the workpiece, grinding parameters, the state of
friction between the abrasive grain and the workpiece and the
shape of the grains. The article presents the results of the
numerical and experimental grinding process of the Ti-6Al-4V
titanium alloy using a conventional grinding wheel and
a newly developed grinding wheel with grain aggregates. The
influence of the geometric parameters of abrasive grains and
aggregates in the direction of movement and in the transverse
direction on the size of the ridges was determined.

An innovative approach to the construction of a grinding
wheel was described in work [15]. The finishing grinding
process of the Inconel 625 alloy was performed using
a grinding wheel with an innovative design consisting of
grains of various sizes, which resulted in less damage to the
working surface and improved production process. The
authors [2] used ANN to analyze the wear state of the
grinding wheel and determine the surface quality of the
workpiece. An important element of the proposed concept is
the use of a virtual sensor which, after validation, is able to
analyze the relationship between measured parameters and the
power consumption on the grinder spindle.

The purpose of the grinding process is to remove the
machining allowance of the workpiece by micro-cutting
[8,9,27]. Modeling and simulation of phenomena occurring in
the cutting zone using numerical methods has been described
in [7,32]. In [7] the results of kinematic simulations of the
operation of a grinding wheel with CBN grains for various
parameters of the grinding process are presented. The wear
condition of the grinding wheel was taken into account by
reducing the grain exposure height. The results of the
conducted simulation tests correspond well with the
experiment. Paper [32] focused on precision grinding of parts
based on brittle materials. Simulation and experimental
research concerned the machining of optical lenses with
a CBN grinding wheel. The influence of multiple passes of the
grinding wheel through the same area of the machined surface
on the change in the surface topography was determined. Both
studies confirm that there is high stochasticity in the studied

grinding process, and the complexity of the workpiece surface
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gradually increases with the number of passes. The intensively
operating tribological pair as a tribological system is located
in areas where the highest friction coefficient for technically
dry friction should occur. Dry friction occurs when there are
no foreign bodies, such as grease or water, between the mating
surfaces. This type of friction is a complex phenomenon and
depends on many factors [13,22,33]. This is accompanied by
the formation of stresses, wear of friction materials and heat
generation.

Abrasive wear as a dynamic process involves changing the
surfaces of bodies in motion relative to each other as a result
of the mechanical interaction between them. This process
depends on many factors and parameters, such as the
geometry of the contacting surfaces, the applied normal force,
the sliding speed and the hardness of the material [19,22].
Many studies concern the important issue of temperature
measurement in the cutting zone during the grinding process.
Paper [19] presents an overview of analytical methods for
calculating grinding temperatures and their impact on thermal
damage. The authors raise the important problem of heat
partition between the workpiece and the abrasive grains.
Analytical models have been proposed that describe the
energy distribution in the grinding zone for various grinding
wheel operating parameters, taking into account the thermal
conductivity of abrasive grains. The article [13] addresses the
issue of the influence of workpiece speed, cutting depth and
grinding wheel speed on the workpiece temperature during
conventional dry surface grinding. Temperature measurement
at various depths of the ground surface was carried out with
high accuracy thanks to the use of a thin layer of PVD foil
deposited on the workpiece as a thermal sensor. The
conducted research made it possible to determine the
maximum temperature increase and to correlate the
temperature gradient with the residual stresses induced on the
surface. The properties of a lamellar abrasive disc can be
modeled based on wear processes resulting from operating
conditions, the environment and other external factors. It is
important to determine the parameter characterizing the
operation of the abrasive tool, which is most sensitive to
changes related to damage. This parameter should be
representative of all tested performance properties [33].

Operational practice indicates the assessment of the technical

condition based on the analysis of numerical values of the
control parameters that characterize the wear processes of the
tool and its components and have a degressive effect on the
tool design [3].

In this paper, the specialized program Weibull++ was used
to estimate the results of the empirical research. The
developed models of probability distributions of the examined
indicators values obtained from the estimation of the
empirical data provided a range of information about the
causes of the processes taking place as well as the properties
and features of the tested tools. Selected results are presented
in the further part of the study in the form of graphical
characteristics and analytical models of functional
relationships between the tested parameters and the properties
of the manufactured tools. The second part of the paper
presents the results of research verifying the developed
scientific model in the context of the exploitation process of
lamellar grinding wheels. On a specially prepared test stand,
non-contact temperature measurement was carried out in the
grinding zone with new and worn grinding wheels, for
different values of the load of the grinding wheel on the
workpiece and different values of the working angle of the

grinding wheel.

2. MATHEMATICAL MODELS DESCRIBING THE
WEAR OF THE BACKGROUND DISCS

The components of the background disc construction include
dispersed reinforcements (e.g. pieces of fiberglass or
polyethylene chips), external reinforcements in the form of
a mesh on the upper and lower surfaces of the composite, and
fillers such as quartz sand, calfix and barite. Accurate
measurement of the amount of individual components allows
to obtain backgrounds with different properties and to
experiment with compositions and mixing parameters in order
to obtain optimal properties of the finished product. Each
change of quartz sand granulation or resin type requires
correction of both the content of individual components and
the parameters of the mixing process.

The subsequent phases of the research process enabled the
development of procedures for improving the production
technology, including the composition of materials, which

were differentiated in terms of the basis weight of the
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fractions of materials and fillers used to obtain a more
homogeneous structure. The test results obtained for the
samples admitted for further testing were used to determine
the probability and the probability density of the value of the
disc mass and thickness measure. These data enable
a probabilistic approach to assessing production repeatability
[14].

The introduction of successive changes in the design of
discs and the verification of the mathematical probabilistic
models determining the impact of these changes on design and
operational indicators made it possible to obtain knowledge to
develop a technological process in which all discs from the
tested sample meet the requirements of post-production
conformity assessment (finish, structure quality, dimensional
accuracy, balancing) and operational security. Subsequent
series of produced discs were tested for bursting in the entire
range of rotational speeds of the testing device up to 180 m/s.
The results of the tests gave rise to the development of the
disc design and technology for its production, for which all of
the tested sample of manufactured discs obtained positive

results in bursting tests.
2.1. Material

Four backgrounds with different material composition were
1. Code of background PL29 115X2,53 1 2

1,000

0,800

&O‘C 0,044 0,048 0,052 0,056 0,060

Ag [g/s]

3. Code of background PL29 115X4,0 4B 2 2

1,000

0,200 0,220 0,240 0,260 0,280 0,300

Ag [g/s]

selected for the experimental determination of the wear of the
background disks. The backgrounds marking method is

presented below:

Table 1. Codes of backgrounds selected for further tests.

Bacl;grounds for Shape | Dimensions No of NO of Graph number*
amellas sample | mixture

PL 29 115X4,0 4A 1 2

PL 29 115X4,0 4B 1 2

PL 29 115X4,0 4B 2 2

PL 29 115X4,0 3 1 2

*(temperature curve for background hardening)

2.2. Research of background wear

The results of the wear tests were estimated and the models
and parameters of the wear probability distribution expressed
in [g/s] were determined. In all tests, a constant pressing force
of the background pad was assumed. Wear probability
distributions were modeled with two models: Gamma and
Generalized Gamma. Fig. 1 shows the wear characteristics of
the background discs expressed in [g/s] for various
compositions of the resin and filler of the background
material. The collective list of characteristics graphically
presents the differentiation of the wear properties of the disc

background.

2. Code of background PL29 115X4,0 4B 1 2

1,000

0,800

do40 0,044 0,048 0,052 0,056 0,060

Ag [g/s]
4. Code of background PL29 115X4,04A 12

1,000

0,800

09100 0,120 0,140 0,160 0,180 0,200

Ag [g/s]

Fig. 1. Wear characteristics of background discs expressed in [g/s] for different construction material compositions.
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On the basis of the obtained results, the values of the
operational wear intensity index were determined with the

probability P(R=0.95), Table 2.

Table 2. Wear intensity indicator.

abrasive wheel background during operation provided the
results of wear Z expressed in [g/s]. The results obtained for
various compositions of the filler material in the disc

construction show that the wear depends on the composition

Code of background

Intensity of operational wear

PL29 115X2,5312

P(R=0,95) = 0,0544 g/s

PL29 115X4,04B 12

P(R=0,95) = 0,0452 g/s

PL29 115X4,04B22

P(R=0,95) = 0,2616 g/s

B o [(—

PL29 115X4,04A12

P(R=0,95) = 0,1568 g/s

of the construction material. This dependence makes it

possible to determine the correct composition of the material

to obtain the planned wear of the grinding wheel.

This information is an important element in the research
process and will be used to further conclusions about the
operational properties of the finished flap discs, including the
construction of a mathematical model for verifying the
properties of the base materials used for the production of the
flap disc background. The next stage of the experimental
research concerned the determination of the wear, depending
on the percentage content of the filler (Table 3, Fig. 2).

Table 3. Test results of the background wear depending on the

filler content.

The mathematical model of the background wear was
described by a 2nd degree polynomial (2):
Z(W)=1239-W?-0,1878-W + 0,4094 (2)

2.3. Burst resistance test of backgrounds

Examination of abrasive discs during operation provided
information to determine the limit operating speeds of the disc
depending on the composition of the construction material
(Table 3, Fig. 3).

Table 3. Test results of the burst resistance of the grinding

wheel backgrounds.

Wear Filler
Code of background
’ Z[gs) | W[%]
1 PL29 115X4,04B 12 0,0452 40
2 PL29 115X2,5312 0,0544 50
3 PL29 115X4,04A 12 0,1567 60
4 PL29 115X4,04B 22 0,2615 70
0.30 A S
Equation Y= Intercggi;zm*xﬁ *
Plot B A
0.25 4| Weight No Weighting 7
Intercept 0.40939 +0.2987 /7
B1 -0.01878 £0.0112 4
B2 2.39029E-4 + 1.01491E- 4
— 0-20 1-IResidual sum of Squar 4.1202E-4 i %
g R-Square (COD) 0.98668 /7
'ﬁ' Adj. R-Square 0.96004 /’
g 0.15 L7
3 i
’
’
0.10 1 B4 .
|
0.05 y oy _
T

40 45 50 55 60 65 70
filler W[%]

Fig. 2. Wear characteristics of the complete grinding wheel as
a function of the filler content.

Based on the obtained results, it can be concluded that

a higher filler content results in the faster wear of the disc

background. Experimental studies related to the wear of the

Code of disc v [m/s] Resin S [%)]
1 PL29 115X4,04B 12 V(R=0,95) = 128,9 9
2 PL29 115X2,5312 V(R=0,95) = 129,9 10
3 PL29 115X4,04A 12 V(R=0,95) = 138,7 12
4 PL29 115X2,5312 V(R=0,95) = 139,2 14
5 PL29 115X4,04A 12 V(R=0,95) = 145,0 16
6 PL29 115X2,5312 V(R=0,95) = 140,3 18
7 PL29 115X4,04B 12 V(R=0,95) = 161,4 19
8 PL29 115X2,5312 V(R=0,95) = 151,7 20
9 PL29 115X4,04B 2 2 V(R=0,95) =172,1 21
10 PL29 115X4,04B 2 2 V(R=0,95) = 186,7 22
200 +— T T T T T T T
Equation y = Intercept + B1
1|Plot D
Weight No Weighting A
180 1 Intercept 92.69949 £ 11.56
_ B1 3.51991 £ 0.6929 A
v 71|Residual Sum of Squ ~ 748.61876 s
Safrmmen e |
5 j. R-Square - P
7} . A
g 140 e = 3 A
‘§ AA- d
120
100 1 & & 1 & 1 & I &£ 1 &1

8 10 12 14 16 18 20 22 24
resin content S[%]

Fig. 3. Characteristics of the burst resistance of the grinding
wheel background as a function of the resin content and wheel

speed.
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The presented dependence makes it possible to determine
the composition of the material to obtain the safe standard
working speeds v [m/s].

The mathematical model of the burst resistance of the disc

background is described by linear polynomial (3):

v(S) =3,52-S+92,7 3)

2.4. Testing the quality of glue connections of leafs with

the grinding wheel

The next stage of testing abrasive wheels during operation is
the functional dependence to determine the limit speed of the
wheel operation depending on the size of the glue dose used
to connect the lamella with the construction material of the
wheel (Table 4, Fig. 4).

Table 4. The results of the disc speed limit tests depending on

the adhesive dose.

2.5. Burst resistance test depending on the leaves

abrasive granules

The next stage of the research was to determine the limit
speed of the disc due to the granulation of the lamellae
abrasive. This dependence makes it possible to determine the
safe limit speed of the tool operation expressed in [m/s] of the
manufactured flap discs. A random group of backgrounds was
used to test the burst resistance of the complete lamellar
grinding wheel (Table 5, Fig. 5).

Table 5. The results of the burst resistance tests of the
complete grinding wheel depending on the granulation of the

abrasive leaves.

Code of disc Glue weight [g] v [m/s]
1 PL29 115X4,04A 12 9 94,9
2 PL29 115X4,04A 12 12 118,5
3 PL29 115X4,04A 12 14 175,8
4 PL29 115X4,04A 12 16 184,2
5 PL29 115X4,04B 22 18 189,4
200 T T T
-7 ]\
y
180 Lol
A -
v .7
£.160 -
> ’
3 i
Q. 7z
3 140 pr
(—“ ’ Equation y= \ntercepix:281‘x’\1 +B2
C 7
(o] 4 Plot F
% 120 7 A Weight No Weighting —
"6 s Intercept -128.65183 + 157.53227
= b 7 B1 30.58764 + 24.22518
Vs B2 -0.70378 + 0.8941
100 F g Residual Sum of Squares 606.08453 —
A R-Square (COD) 0.91791
e Adj. R-Square 083582
80 T T ¥ T i T g I‘ ¥ I‘
8 10 12 14 16 18

adhesive mass [g]

Fig. 4. Characteristics of the burst resistance of the adhesive
connection of the leaves with the grinding wheel as a function of
the adhesive mass (glue weight) and the rotational speed of the

disc.

The mathematical model of burst resistance was described

by a 2nd degree polynomial (4):

v(k) = —0,7038 - k% + 30,588 - k — 128,65 4

Code of disc Granulation v [m/s]
1 PL29 115X4,04A 12 40 118,5
2 PL29 115X2,5312 40 116,3
3 PL29 115X4,04A 12 40 89,60
Code of disc Granulation v [m/s]
4 PL29 115X4,04A 12 40 117,2
5 PL29 115X4,04A 12 50 118,0
6 PL29 115X4,04B 12 50 110,9
7 PL29 115X4,04A 12 50 149,5
8 PL29 115X2,5312 50 111,6
9 PL29 115X4,04A 12 60 148,4
10 PL29 115X2,5312 60 148,4
11 PL29 115X4,04B 12 60 148,3
12 PL29 115X4,04A 12 60 148,7
13 PL29 115X4,0 4B1 2 60 179,0
200 T T T T
Equation y = Intercept +AZB1"X"1 +B2*x
o | A
188~ \F/,Je:ght No Weighting =
LS Intercept 261.6 + 226.46978
= B1 7772+923351
£.160 { |52 0.0998 + 0.09188
> Residual Sum of Squares 2328.652 -
8 R-Square (COD) 0.67157 o F A
Q Adj. R-Square 0.60589 7 |
S 140 1= S
© S
c P
2 -
E 120 ‘ — -
= I . 1 A
100 1 1 -
A
80 — ' : —
40 45 50 55 60

granulation of the abrasive leaves
Fig. 5. Characteristics of the tool's resistance to destruction as
a function of the speed and granulation of the abrasive leaves.
The mathematical model of the tool's resistance to damage
as a function of speed and granulation of the abrasive leaves is

described by a 2nd degree polynomial (5):
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v(g) =0,0998 - g? — 7,772 - g + 261,6 5)
Four backgrounds were selected for further tests: PL29
115X2.53 1 2; PL29 115X4.0 4B 1 2; PL29 115X4.04B 2 2
and PL29 115X4.0 4A 1 2. The selected backgrounds ensured

a safe operation within the range of tested parameters.

3. DETERMINATION OF THE TEMPERATURE IN
THE GRINDING ZONE

construction of the test stand. An angle grinder with a power
of 900 W and a maximum speed of 11,000 rpm was used for
the grinding tests. Fig. 6 shows the method of mounting the
grinder on the test stand. Thanks to this solution, it was
possible to grind the surface with a constant feed, using the
mechanical feed of the milling table in the Y axis (Fig. 6a).
The workpiece during the tests was a hot-rolled angle bar

40x40x5 made of ST3S steel.

Fig. 6. View of the station - angle grinder assembly method (1 - weights marking).

The design of the test stand also made it possible to
change the load value of the grinding wheel on the ground
surface. Fig. 6b shows the applied solution. Weights with the
possibility of changing the position mounted on the ends of

the arm (marked in the figure with the number 1) allowed to

B — - L
) lwrmm‘

adjust the load of the grinding wheel on the workpiece. The
angle change between the working plane of the grinding
wheel and the ground plane was carried out by changing the
angular setting of the vice. Fig. 7 shows two vise settings: in

Fig. 7a, the angle was 20°, and in Fig. 7b, the angle was 2°.
Lz A

[~Igrinding wheel]

a)
przzzzz7778 [ v
b)

Fig. 7. Setting the angle between the working plane of the grinding wheel and the ground plane: a) the angle is 20°, b) the angle is 2°.

The infrared camera used during the research worked with
an optical resolution of 640x480 px. Table 6 shows the

configuration parameters of the camera during the basic tests

Table 6. Configuration parameters of the infrared camera

during tests

Model of camera FLIR SC 620

Thermal lens Fixed focus, =38 mm

Object distance 1.0 m

The emissivity of surface e=0.6
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Ambient temperature 20°C

Optical resolution 640x480 px

Registration rate 30 fs.

The infrared camera was connected to a PC. The
registration and analysis of the thermal imaging sequences
was carried out in the specialized computer programs
ThermaCamResearcher PRO 2.9 and FLIR Tools. The
recording time of the thermovision sequence was about §
seconds and allowed to determine the average contact
temperature in the processing zone. Four types of lamellar
grinding wheels (marked A-40; Z-40; Z-60; P-60) built on
different backgrounds discs with a diameter of 115 mm were
used to determine the temperature in the grinding zone. (Table
7).

Table 7. Characteristics of the backgrounds used in the tests.

No Disc code Grinding wheel
1 PL29 115X4,04B 12 A-40 115

2 PL29 115X2,5312 Z-40 115

3 PL29 115X4,04A 12 Z-60 115

4 PL29 115X4,04B 22 P-60 115

grinding wheel on the ground surface and the degree of
grinding wheel wear. Parameter values are presented in Table
8.

Table 8. The range of variability of grinding wheel operating

parameters during basic tests.

Symbol Parameter dVgrlabl.e Parameter value
esignation
A Grinding wheecl) working Ks 2 20
angle [°]
B Grinding wheel load [kg] Ns 1 3
new worn
C Degree of wear [-] Sz symbol (1)lsymbol (2)

The value of the parameter Sz, defining the degree of wear
of the grinding wheel as worn (2), was assumed for the visibly
worn abrasive material on the lamellae, which corresponded
to the grinding wheel operation time of 20 minutes. For each
of the four tested grinding wheels, 8 grinding tests were
performed. A total of 32 trials were performed. Table 9

presents the processing parameters adopted for each test.

Table 9. Values of grinding wheel operating parameters for

On the basis of the preliminary research, it was established
that grinding tests should be carried out with a feed rate of
=500 mm/min relative to the machined surface. In addition,
the experimentally determined setting of the infrared camera
enabled the observation of the machining zone and the
determination of the contact temperature between the working
plane of the lamellar grinding wheel and the ground surface.
The basic research plan was developed according to the
Taguchi method. The independent variables were the angle of
the grinding wheel (the angle between the working plane of

the grinding wheel and the ground plane), the load of the

each test.
Test The angle of the | Grinding wheel
urmper| A 1B [ € grindinggwheel ] load g[kg] Degree of wear [-]
1 (111 2 1 1
111]2 2 1 2
3 [1]2]1 2 3 1
4 11212 2 3 2
5 [2]1]1 20 1 1
6 2112 20 1 >
7 2121 20 3 1
8 2122 20 3 >

4. ANALYSIS OF THE RESULTS

An example of time-lapse analysis of the thermal imaging
sequence during the operation of the Z-60 grinding wheel is

shown below in Fig. 8.
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measurment area

Fig. 9. Contact temperature measurement area during basic

tests.
500
400
7
~— 300 -
O
e,
]
<
200+ .
-
100 /
N7z .
new | worn | new | worn | new [ worn | new ‘ wor
angle 2 deg angle 20 deg angle2deg | angle 20 de
load 1 kg load 3 kg
A-40 115

Mean of Means

The contact temperature was measured inside the control
object in the shape of a rectangle, 3x8 mm in size, Fig. 9. The
analysis of the recorded thermal imaging sequences enabled

the determination of the average contact temperature, T ave.

Fig. 10 shows the dependence of the average temperature

Tave on the operating parameters of the A-40 grinding wheel.

A-40 115
angle load
200 A /
1501 /
100 4 / /
2 20 1 3

wear condition

150 \

100 4

T

worn

new

Fig. 10. The dependence of temperature T avg on the operating parameters of the grinding wheel A-40.

The determined Mean of Means relationships present the
impact of the three independent variables: grinding wheel
inclination angle, grinding wheel pressure, and the wear
condition on the mean temperature. Increase of the grinding
wheel inclination angle and the grinding wheel pressure
increases the temperature in the grinding zone. The grinding

wheel wear decreases the temperature in the grinding zone.

At the stage of the statistical analysis of the results, the
S/N ratio was determined. The criterion was adopted - the
lower the better. According to Taguchi model, this type of
factor is used when it is desirable to minimize some of the
undesirable characteristics of the product. The S/N ratio was

calculated from the formula (6):
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N

1
—10-log (H

(6)

where: y- measured feature, n- number of measurements

The results of statistical analysis obtained for the A-40

grinding wheel are presented in Table 10 and Table 11.

The regression equation of  the average contact

temperature Tavg for the grinding wheel A-40 (7):
T4 (Ks,Ns,Sz) = 76,9306 + 7,5972 - Ks + 44,125
“Ns — 67,75 Sz

(7

Table 11. The analysis of variance of temperature Tavg for the

grinding wheel A-40.

Table 10. Statistical analysis results obtained for the grinding Source DF| SeqSS | AdiSS | AdjMS | F b
wheel A-40. Ks 1 | 552404 | 552404 | 55240,4 | 85,28 | 0,000
Test number | Ks|[°] Ns [kg] Sz [] SIN Tave [°] Ns 1 788 736,8 736,8 1,14 10,297
1 2 1 new | -37,50 &) Sz 1| 2557,6 | 2557,6 | 2557,6 | 3,95 | 0,059
2 2 1 worn | -3307 | 45 Residual error | 23| 14899 | 14899 | 647.8
3 2 3 new -40,42 105
! 26 | 73485,1
2 2 3 worn | 39,08 | 90 Total
5 20 1 new 4529 184 Fig. 11 shows the dependence of the average Tavg
6 20 1 worn -40,66 108 temperature on the operating parameters of the grinding wheel
7 20 3 new -51,12 340 7-40
8 20 3 worn -46,44 210 '
500
1 Z-40 115
7 angle load
4001 300
250 / /
—~ 300+ ;%
g ? . 2001 / /
1]
9 &
D—< 200 { 150 4 - . . .
% 2 20 1 3
5 wear condition
& 300
100
% . = \
- new ‘ womn new ‘ worn new wom new worn 200 \
angle2deg | angle20deg | angle2deg | angle 20 deg -
load 1 kg load 3 kg I = T z = an
Z-40115 - .

Fig. 11. The dependence of temperature T avg on the operating parameters of the grinding wheel Z-40.

The results of statistical analysis obtained for the Z-40
grinding wheel are presented in the Tables 12 and 13.

Table 12. Statistical analysis results obtained for the grinding
wheel Z-40.

Test number| Ks[°] | Ns[kg] | Sz[-] S/N Targ [°]
1 2 1 new -40,82 110
2 2 1 worn -38,06 80
3 2 3 new -48,62 270
4 2 3 worn -43,52 150
5 20 1 new -50,10 320
6 20 1 worn -45,29 184
7 20 3 new | -53,06 450
8 20 3 worn -48,16 256
The regression equation of the average contact

temperature Tave for the grinding wheel Z-40 (8):
Tavc(Ks,Ns,Sz) = 207,833 + 8,333 - Ks
+ 54,000 - Ns — 120,000 - Sz

®)

Table 13. The analysis of variance of temperature T avg for the

grinding wheel Z-40.

Source DF | SeqSS | AdjSS | Adj MS F p
Ks 1 | 55240,4 | 55240,4 | 55240,4 | 85,28 | 0,000
Ns 1 788 736,8 736,8 1,14 10,297
Sz 1 | 2557,6 | 2557,6 | 2557.6 | 3,95 | 0,059
Residual error | 23 | 14899 14899 647.,8
Total 26 | 73485,1
Fig. 12 shows the dependence of the average Tavc

temperature on the operating parameters of the grinding wheel

Z-60.
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Fig. 12. The dependence of temperature T avg on the operating parameters of the grinding wheel Z-60.

The results of statistical analysis obtained for the Z-60

grinding wheel are presented in the Tables 14 and 15.

Table 14. Statistical analysis results obtained for the grinding

wheel Z-60.
Test number | Ks[°] | Ns[kg] Sz [-] S/N T [°]
1 2 1 new -38,79 87
2 2 1 worn -31,59 38
3 2 3 new -43,97 150
4 2 3 worn -39,36 93
5 20 1 new -46,44 210
6 20 1 worn -44,08 160
7 20 3 new -52,86 430
8 20 3 worn -48,02 252
The regression equation of  the average contact
500
400 7
;G 300
5 jr : 2
> ]
'_( 200 g
k3
c
n
100 4 % {
Z i a
new ’ womn new | wom new ‘ wormn new | womn
angle 2deg | angle20deg | angle2deg | angle 20 deg
load 1 kg load 3 kg
P-60 115

250
200
150
100

50

200
150
100

50

temperature Tavg for the grinding wheel Z-60 (9):.

Tae(Ks,Ns,Sz) = 94,9444 + 9,5277 - Ks
+ 56,00 - Ns — 88,00 - Sz

€)

Table 15. The analysis of variance of temperature T avg for the

grinding wheel Z-60.

Source DF | SeqSS | AdjSS | AdjMS | F p
Ks 1 | 55240,4 | 55240,4 | 55240,4 | 85,28 | 0,000
Ns 1 788 736,8 736,8 | 1,14 10,297
Sz 1 | 2557,6 | 2557,6 | 2557,6 | 3,95 | 0,059
Residual error | 23 | 14899 14899 6478
Total 26 | 73485,1

Fig. 13 shows the dependence of the average Tavg

temperature on the operating parameters of the grinding wheel

P-60.
P-60 115
angle load
2 20 3
wear condition

. 8

e

new

worn

Fig. 13. The dependence of temperature T avg on the operating parameters of the grinding wheel P-60.

The results of statistical analysis obtained for the P-60

grinding wheel are presented in Tables 16 and 17.
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Table 16. Statistical analysis results obtained for the grinding
wheel P-60.

Source DF | SeqSS | AdjSS | AdjMS F p

Residual error | 23 | 14899 14899 647.,8

The regression equation of  the average -contact

temperature Tavg for the grinding wheel P-60 (10):.
Tyyc(Ks,Ns,Sz) = 124,333 + 10,333 - Ks (10)
+ 38,00 - Ns — 98,00 - Sz
Table 17. The analysis of variance of temperature T avc for the

grinding wheel P-60.

Source DF | SeqSS | AdjSS | AdjMS F p

Ks 1 | 55240,4 | 55240,4 | 55240,4 | 85,28 | 0,000
Ns 1 788 736,8 736,8 | 1,14 | 0,297
Sz 1 | 2557,6 | 2557,6 | 2557,6 | 3,95 | 0,059

Source DF | SeqSS | AdjSS | AdjMS F p

Test number | Ks[°] | Ns[kg] | Sz[-] S/N TarG[°] Total 26 | 73485,1

1 2 1 new -39,27 92 Due to the design of the tested lamellar grinding wheels,
2 2 ! worn 31,82 39 characteristic courses of the dependence Tavg on the grinding
3 2 3 new -40,34 104 heel tion i b d le in Fie. 14. 1

. 5 3 worn | 35.98 p wheel operation time were observed, example in Fig. 14. In
5 20 1 new -48,29 260 the first phase of the grinding with the new grinding wheel,
6 20 1 worn -42,00 126 the outer part of the lamellas works, which corresponds to the
7 20 3 new -52,25 410 highest value of the cutting speed. After the outer part is worn,
8 20 3 wom | -47.81 246 the second grinding phase takes place, in which the inner part

of the lamella works. The second phase of the grinding wheel
operation is associated with a decrease of the cutting speed. In
the first phase of the grinding wheel operation, an increase of
Tavc was observed with the achievement of the maximum
value of Tmax in the grinding process, while in the second
phase

a slight decrease and stabilization of Tavg were observed. The
observed relationship results from the innovative design of the

grinding wheel.

325
T | " Tested grinding wheels
a0 A Sy . |-=-A40115
./' e Z-40115
275 - 4 760 115
) — \ v P-60 115
250 - L £ d .
— Sl
8 225 ¥ :
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100 ! . : . S
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operation time [min]

Fig. 14. Experimentally determined dependences of the temperature T av on the operating time of the grinding wheels.

5. CONCLUSIONS

1. The tests were carried out on a population of 1050
manufactured flap discs in 32 generic groups
described by the codes types: PL29 115X2.53 1 2,
PL29 115X4.0 4B 1 2, PL29 115X4.0 4B 2 2 and

PL29 115X4.0 4A 1 2. As a result of the research, the
limit values of the parameters for the construction
and operation of the tested abrasive tools were
obtained.

2. The final result of the study is a set of analytical
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models of factors important for the construction of of the grinding wheel 20°). The lowest temperature

the flap discs and their effective and safe operation, values for each grinding wheel were determined for
i.e. models of background wear as a function of the test no 2 (worn grinding wheel, load 1 kg, working
percentage of filler content (2), the burst resistance of angle of the grinding wheel 2°). The highest contact
the background of the disc (3), the adhesive temperature values were determined during operation
connection of the pad with the background (4), and with the Z-40 grinding wheel. For test number 7, the
the limit speed of the pad and granulation of the value of temperature was Tavg = 450 °C, while for
abrasive flaps (5). test number 2, the value of temperature was Tavg =

3. The results of the calculations led to the creation the 80 °C.
general functional models and to develope Suggestions for further work
a technology for the production of new types of e [t is suggested to widen the research to machining of
abrasive tools with a similar structure and method of other materials, including the titanium-based hard-to-
operation. cut materials.

4. On the basis of the results obtained from the main e In addition, it is planned to perform the research for
tests, it can be concluded that higher values of the various machined materials, which will allow
maximum average contact temperature were obtained determining new ranges of machining parameters,
for new grinding wheels. In addition, the higher taking into account the grinding wheel wear rate.
temperature value was influenced by higher loads on e The expansion of the test stand to include the
the grinding wheels. measurement of forces during the grinding process

5. The highest temperature values for each grinding by means of wusing a 3-axis piezoelectric
wheel were determined for test 7 according to the test dynamometer.
plan (new grinding wheel, load 3 kg, working angle
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