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Abstract: Grinding is usually the last stage of the technological process and determines the
quality of manufactured products. One of the varieties of grinding more and more often used in
practice is deep grinding which is called Creep-Feed Grinding. It is characterized by a high value
of grinding infeed and slow feed. Technological parameters such as the depth of grinding and the
speed of feed have a significant impact on the quality of the workpiece. However, also the
grinding speed has an influence on the grinding process and the result of machining. Therefore,
experimental studies on the impact of grinding speed on the surface roughness and grinding force
components were carried out. The tests were realized in the deep-grinding grinding process of

Inconel 718 with a grinding wheel made of mixture of sintered alumina and ruby corundum.
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1. INTRODUCTION

Materials which are often used in the aerospace
industry are nickel based alloys, especially Inconel
718 alloy. The chemical composition of this alloy as
well as physical and mechanical properties have
negative influence on its machinability and grinding
process [7]. Very often turning, milling or broaching
Inconel alloys is too expensive and time-consuming,
that’s why these machining methods are usually
replaced by grinding. Due to the very poor
machinability of the Inconel 718 alloy, the most
common type of grinding is deep grinding with
a creeping feed which is called Creep-Feed Grinding
(CFG) [4, 5].

CFG grinding is characterized by large depth of
cut which reaches even 5 + 20 millimeters (fig. 1). It
provides large scale metal removal similar to milling
process [13]. The use of the large depth of cut causes
necessity of grinding with very low workpiece speed
which is called creep feed. However, Creep Feed
Grinding process provides high productivity and great
production efficiency [1]. Another advantage of CFG

grinding is possibility of machining difficult and
costly to shape materials like hardened steels, titanium
alloys, nickel based alloys or ceramics. Specific
characteristic of grinding wheels used in this process
allows easy modification of their form [12].

Fig. 1. Parameters of Creep-Feed Grinding process
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In spite of many advantages, the Creep Feed
Grinding process is characterized by a lot of defects.
Large depth of cut causes increasing of grinding forces
and grinding power as well as great heat generation in
the grinding zone [8, 11]. It increases the risk of
occurrence of grinding burns [15]. The risk can be
reduced by using high coolant flow rate with high
pressure and specially designed nozzles [3].
Appropriate cooling conditions ensure reduction of the
generated heat and easy removal of chips from the
grinding zone. Creep-Feed Grinding also should be
realizing with active grinding wheel cleaning process
using high pressure coolant as a cleaning fluid [2, 6].

One of the most important component of the
grinding process is the grinding wheel. The correct
selection of the wheel specification can provide a finer
surface quality and avoidance of thermal damages of
the workpiece. In the Creep Feed Grinding process of
Inconel alloys, the most commonly used types of
abrasives are: White aluminum oxide, Pink aluminum
oxide, Ruby aluminum oxide, Sintered aluminum
oxide and Mixtures of white aluminum oxide with
sintered aluminum oxide and white aluminum oxide
with monocorundum. In specific cases even the Super
abrasives are used. These wheels are also
characterized by high porosity, which means open
structure. This provides transportation of coolant to
the cutting zone and evacuation of chips. Grinding
wheels should have medium grains size from number
60 till 80. It depends on the required surface
roughness. Grade and hardness of the grinding wheels
should be soft or very soft [10].

Also technological parameters have a significant
influence on the grinding process and the quality of
the grinded surface. The most important parameters of
the CFG process are the value of the grinding infeed,
grinding feed and grinding speed [9]. The infeed and
feed parameters have values characteristic for the deep
grinding process. In the literature, the results of
research on the impact of these parameters on the
grinding process and the quality of the workpiece after
grinding are available [14, 16]. There are no available
studies of the impact of grinding speed on the grinding
process and the quality of the grinded surface.
Therefore, experimental studies on the influence of
grinding speed on the quality of the grinded surface of
the Inconel 718 alloy have been carried out.

2. EXPERIMENTAL SET-UP

Experimental setup was built using CNC grinder
Geibel&Hotz FS 640 Z type. In the workspace
a piezoelectric dynamometer with a special workpiece
holder was mounted (fig. 2). In this holder the
workpiece made of Inconel 718 was fixed.

Measurement of grinding force components was
realized by using piezoelectric dynamometer Kistler
9121. A signal from the dynamometer was amplified

by Charge amplifier Kistler 5070A. Afterwards the
signal was converted to digital form using
Analog/Digital converter. Force signal was filtered
using a moving average. In the experimental
researches two components of the grinding force were
recorded: tangential and normal.

Fig. 2. The view of the set-up: 1) Workpiece holder, 2)
Grinding wheel, 3) Coolant nozzle, 4) Cleaning
nozzle, 5) Coolant valve, 6) Pressure sensors

After each test there was performed surface
roughness measurement by the MarSurf M 300.
Surface roughness measurement was performed at
three points. At the beginning, in the middle and at the
end of the sample. In this way, the change of surface
roughness was determined in the grinding path
corresponding to the grinding wheel wear.

Fig. 3. The view of the measurement points
Grinding tests were conducted with the
registration of grinding force components F,, F, for the

constants technological parameters shown in table 1.

Tab. 1. Grinding conditions

Process Concurrent Creep-Feeg Grinding
Grinding CNC grinder Geibel&Hotz FS 640 Z type
machine
. Dresser: single grain diamond dresser

Dressing .

arameters Number of passes: iy =3
P Vi = 330 mm/min, a,, = 0.02 mm
Cr(i)1r11<siti?1m vy=80 mm/min, a, = 1 mm,
ghndng b,=15 mm, £,=50 mm
parameters
Variables
grinding vy =20; 22; 25 m/s
parameters
Cooling Coolant: AquaTec 7000
parameters pe =80 bar,
Grinding White aluminum oxide + Ruby corundum,
wheel Structure 15, Grain 70, Grade G
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During the experimental tests, the grinding speed
was changing. It had values: 20, 22, 25 m/s. The rest
of the grinding process parameters were constant.

3. RESULTS AND DISCUSSION

The following figures show the results of surface
roughness measurements for different grinding speeds.
The results are presented for three measuring points on
the sample.

The diagrams show average values. Each
measurement was repeated five times. In any case, the

dispersion of measured values did not exceed 5%.
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Fig. 4. Surface roughness for grinding speed: a) 20 m/s, b)
22 m/s, ¢) 25 m/s

Presented research results show that the speed of
grinding has a little effect on the roughness of the
grinded surface. In the range of tested grinding speeds,
the differences in roughness parameters were about

15%. However, it can be observed that for each
experiment, along with the increase of the grinding
speed, a reduction of the roughness parameters values
was observed in each measuring point. In addition, it
has been observed that a significant influence on the
surface roughness has a progressive wear of the
grinding wheel. Due to the fact that deep grinding is
one-pass grinding, the wear of the grinding wheel is
proportional to the grinding path. The presented
research results show that the surface roughness
changes by approx. 30% in the grinding path of / = 50
mm. For example, for a grinding speed of 22 m/s, the
roughness parameter Ra varies between 0.64 and 0.84
um. This means that the grinding wheel wear has
astronger effect on the roughness of the grinded
surface than the grinding speed.

Taking the above into account, the analysis of
changes in Ra and Rz roughness parameters was
carried out. The function of average values of
roughness parameters from the grinding speed was
determined. There have been made attempts in order
to match the equation of the straight line and the
second degree polynomial (fig. 5). In both cases, the
parameter R> = 1 was obtained. Therefore, a simpler
forms of the equations, which are shown below, were
adopted.
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Fig. 5. The influence of grinding speed on the Ra parameter
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Fig. 6. The influence of grinding speed on the Rz parameter

The relationships between surface roughness
parameters and grinding speed can be described by
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equations (1) for Ra parameter and (2) for Rz
parameter:

Ra=-0.02v,+1.26, (1
Rz=-0.19v,+9.24. 2)

The highest mean value of parameter Ra was
obtained in the test with grinding speed vs = 20 m/s
and is equal Ra = 0.8 um. As the grinding speed
increases to a value of vs = 22 m/s, the average value
of the surface roughness parameter decreases to
Ra =0.75 pm. For grinding speed vs = 25 m/s, the
lowest mean value of this parameter was Ra = 0.68
pm.

The fig. 6 with changes of the average roughness
parameter Rz in the function of grinding speed shows
the same declining trend as the graph of the influence
of the grinding speed on the parameter Ra. The highest
average value of the parameter Rz was obtained for
grinding speed vs = 20 m/s and its value is Rz = 5.44
um. As the grinding speed increases to a value of
vs =22 m/s, the average surface roughness parameter
decreases to Rz = 5.17 um. For the grinding speed
vs =25 m/s, the lowest value of Rz parameter was
obtained. The decrease in the average roughness Rz
parameter between grinding speed vs = 20 m/s and vs
=22 m/s is 0.27 um and between vs = 22 m/s and
Vs =25 m/s is 0.65 pm.

An analysis of the values of grinding force
components was also carried out. The measurement of
grinding force components was realized in order to
obtain information on the grinding process. Fig. 7
shows an example of the distribution of the
components of the grinding force in the time domain.
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Fig. 7. Changes of the grinding force components in time
domain

It can be observed that the normal component is
about twice the tangent component. In addition, the
value of the force components changes during
grinding. It is clearly visible that the force value
increases along with the grinding path and the
progressive wear of the grinding wheel. It can be
deduced from this that wheel wear has the greatest
influence on the value of grinding force components.

In addition, it can be seen that at the beginning and in
the end of grinding, the force components gently grow
and decrease. This is due to the tension and stress
relief of the machine tool-workpiece-grinding wheel
system.

Then an analysis of the grinding force components
for various grinding speed values was realized. The
results are shown in fig. 8 and fig. 9. Both graphs
show that the increase of the grinding speed causes
a slight reduction of the grinding force components
values. In the range of tested grinding speeds, grinding
force changes around 10%. Analyzing a normal force
component, for a grinding speed of v=20 m/s, its
value was F,=129 N. An increase in the grinding
speed by 5 m/s reduced the value of the normal
component to F,=117 N. This means a change of
around 10%. It can be seen that the change of normal
force as a function of grinding speed has a linear
function. The grinding speed also influence on the
tangential component of the grinding force. For
a grinding speed of v=20 m/s, its value was F;=57 N.
An increase in grinding speed by 5 m/s caused
a reduction of the tangential component value to F;=49
N. This means a change of around 15%. The change of
the tangential force component as a function of the
grinding speed is non-linear. It follows from the above
that the grinding speed has a greater influence on the
tangential component of the grinding force than on the
normal component.
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4. CONCLUSIONS

There were realized experimental studies of the
impact of grinding speed on the deep grinding process
and the quality of the grinded surface. The variability
of grinding speed was in the range which is usually
used for grinding the Inconel 718 alloy. The tests were
carried out using a concurrent grinding strategy with
high coolant pressure and an active grinding wheel
cleaning process.

Analyzing the obtained test results, it can be
noticed that with the increase of the grinding speed,
the value of roughness parameters Ra and Rz
decreases. The lowest values of surface roughness
parameters were obtained for grinding speed
vs=25 m/s. For the grinding wheel made of a mixture
of white and ruby aluminum oxide, values of Ra = 0.6
um and Rz = 4.36 um were obtained. It was observed
that during grinding and progressive wear of the
grinding wheel, the value of surface roughness
parameters increased. This is mainly due to the wear
of the grinding wheel. The obtained values of the
surface roughness parameters Ra and Rz for the three
tested grinding speeds have small differences.

The grinding speed also has an influence on the
values of grinding force components. The tests show
that the grinding speed has a stronger influence on the
tangential component than the normal one. This can be
explained by the fact that the tangential component is
related to the main motion which is realizing by the
grinding wheel. The change in the tangent component
in the range of tested grinding speed values was 15%.
For the tangent and normal components of the grinding
force, can be observed that the increase in the grinding
speed always results in a lowering of the force value.

The research shows that the increase in grinding
speed has a positive effect on the Inconel 718 Creep-
Feed Grinding process and the quality of the grinded
surface. Increasing the grinding speed up to v=25 m/s
resulted in lowering the grinding force components,
which means less energy load of the grinded surface.
In addition, after grinding at a speed of v=25 m/s,
much better surface quality was obtained. The
roughness parameters have been reduced by
approximately 30%.

A further direction of Creep-Feed Grinding
process analysis should be conducting experimental
tests in a wider range of grinding speeds.

Nomenclature

Symbols

a, — grinding infeed, mm

Ao — dressing infeed, mm

b,, — workpiece width, mm

F, — tangential force component, N
F, — normal force component, N

number of dressing passes
workpiece length, mm

iq -

Ly -

Rz

vr
Via
Vs

289

— coolant pressure, bar

— arithmetic mean deviation of the assessed profile,
um

— maximum height of the profile within a sampling
length, pm

— table feed speed while grinding, mm/min

— feed speed while dressing, mm/min

— grinding wheel peripheral speed, m/s
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