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grinding time which has a direct impact on material removal mechanisms and hence, the
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ground surface quality. This urges the researchers to continuously monitor the behavior of
abrasive grains online to improve the grinding efﬁciency. In this paper, two different types of
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wheels are used: one wheel consists of 100% conventional fused alumina grains and the other

AISI 52100 steel

wheel is made of 30% sol–gel alumina grains and remaining 70% by fused alumina grains. In

Attritious wear

case of the wheel containing sol–gel grains, attritious wear of grain occurs as the grinding

Sol–gel alumina

proceeds which increases the contact area between abrasive grains and workpiece leading to

Wear ﬂat area

change in dominant material removal mechanism from shearing to plowing and rubbing. The

White layer

generated wear ﬂats increase the grinding force and temperature in the grinding zone. In case
of grinding wheel with 100% fused alumina grains, grit fracture occurs when the grinding
force exceeds a critical value leading to self–sharpening and thus maintains the dominant
mechanism to be shearing. Post–grinding microstructural characterization is also done to
evaluate the materials surface integrity from the aspects of wheel grain behavior.
# 2016 Published by Elsevier Sp. z o.o. on behalf of Politechnika Wrocławska.

1.

Introduction

Grinding is one of the most commonly used ﬁnishing process
in manufacturing industries, especially for hard and brittle
materials. It is the most complex metal removal process due to
the random size and orientation of the abrasive grains [1]. In
production industries, the primary needs are high MRR, better
grinding ratio, good surface ﬁnish and high surface integrity.

However, in grinding there is always a trade–off between the
quality of the machined product (surface ﬁnish and integrity)
and the productivity (MRR and operational cost) [2]. Selection
of proper grinding wheel–workpiece combination along with
other process parameters such as feed rate, cutting speed,
depth of cut, etc., plays a key role in producing quality product
with higher productivity. Grinding ratio is an important
parameter considered in selecting a proper grinding wheel–
workpiece combination [3].

* Corresponding author.
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In this paper, the performance of grinding wheels with two
different types of alumina grains is evaluated in terms of
wheel wear, grinding temperature, tangential and normal
grinding forces, grinding ratio and speciﬁc energy. Also, the
surface integrity of the material ground by both the wheels is
also investigated using the grinding parameters as mentioned
before.

Nomenclature
vw
vs
a
Ft
Fn
Dwsample
Dwwheel
rsample
rwheel
U
bs
MRR
CCD
WA
SG
EDM

feed rate (m/min)
cutting speed (m/s)
depth of cut (mm)
tangential component (N)
normal component (N)
difference in sample weight before and after
grinding (kg)
difference in grinding wheel weight before and
after grinding (kg)
density of the sample (kg/m3)
density of the grinding wheel (kg/m3)
speciﬁc grinding energy (J/mm3)
width of the sample (mm)
material removal rate (mm3/s)
charge coupled device
grinding wheel with 100% fused alumina abrasive grains (WA60J8VS3)
grinding wheel with 30% sol–gel and 70% fused
alumina abrasive grains (SG60-30J8VS3)
electrical discharge machining

2.

Experimental procedure

Commercially available AISI 52100 steel is procured and
through–hardened using standard heat treatment procedure
to attain an average hardness of 62 HRC. The chemical
composition of the material is validated by optical emissive
spectroscopy, which is shown in Table 1.
Samples of dimension 50 mm  13 mm  20 mm for grinding experiments are cut using wire cut EDM. The process
parameters used for wire cut EDM (make: Elektra Ecocut) are
presented in Table 2. After cutting, the samples are ﬁnished
using mild grinding with ﬂood coolant to minimize the
thermal damage. Two grinding wheels, with alumina grains
processed by different routes, are used in this study. In
the ﬁrst grinding wheel, all the alumina grains (100%) are
processed by conventional fusion route (WA60J8VS3). In
the second type of grinding wheel, 30% of the grains used
are processed by sol–gel technique and rest of the grains (70%)
is fusion processed (SG6030J8VS3). The speciﬁcations of the
wheels are presented in Fig. 1. Both the wheels have the same
grain size, hardness and porosity. The wheels have an outer
diameter of 200 mm, inner diameter of 31.75 mm and a width
of 13 mm. The run–out of the wheel spindle of the grinding
machine is measured using dial indicator and is found to be
within 2 mm.
Plunge grinding experiments are conducted with feed rate
ðvw Þ of 7.2 m/min, cutting speed ðvs Þ of 25 m/s and depth of cut
(a) of 10 mm. In order to maintain constant surface speed, the
spindle speed (rpm) is varied to compensate for changes in
wheel diameter due to wheel wear. Prior to each test, the
workpiece is ground to ensure its ﬂatness. To evaluate the time
dependent behavior of the grinding wheels, two different
types of grinding experiments are conducted. The ﬁrst sets of
experiments (discrete experiments, hereafter) are conducted
on 25 samples without wheel dressing in between. Each
sample is ground by removing a total depth of 200 mm with
10 mm depth of cut per pass using SG wheel and the various
samples are marked as S1, S2, S3, . . ., S25 accordingly. Similar

In grinding wheel, the hard phase components are the
abrasive grains, which have more inﬂuence on the microscopic interactions of the process (such as cutting, plowing and
rubbing) and surface integrity of the samples [4]. Since the
removal rates (grinding efﬁciency) and surface integrity of the
ground surface depend upon the performance of the abrasives,
any advancement in abrasive grain leads to better grinding
process.
Diamond cannot be used to grind ferrous materials due to
the chemical afﬁnity between them. Grinding of ferrous
material with diamond leads to the formation of Fe3C
degrading the surface integrity and also tends to cause
diamond pull out from the grinding wheels [5] leading to poor
grinding wheel performance. Grinding of ferrous materials
with silicon carbide (SiC) grains leads to similar phenomenon
[3]. Hence, alumina grains and cubic boron nitride grains (cBN)
are mostly used to grind hardened steel work materials [6].
Conventional fused alumina grains have self–sharpening
features, hence it has more friability. This high friability
attributes more wheel wear in conventional alumina grains.
Alumina grains are also fabricated using a novel method called
sol–gel process. In this process, the alumina grains have more
toughness compared to the conventional alumina grains [3].

Table 1 – Chemical composition of AISI 52100 steel.
Element
% comp

C

Si

Mn

P

Cr

Ni

Fe

Others

0.948

0.292

0.43

0.168

1.38

0.123

96.4

0.28

Table 2 – Process parameters for wire cut EDM.
Wire used
Brass wire of
diameter 0.25 mm

Gap
voltage (V)

Wire feed
rate (mm/min)

Pulse on
time (ms)

Pulse off
time (ms)

Peak
current (A)

Dielectric ﬂuid

40

4

6

6

2

Deionized water
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Fig. 1 – Grinding wheel specification.

experiments are performed using WA wheel and the ground
samples are designated from A1 to A25 accordingly.
The second sets of grinding experiments (continuous
experiments, hereafter) are conducted to study the grain
performance with multiple passes on the workpiece. Two
samples are considered and each sample is ground by
removing a depth of 5000 mm with 10 mm depth of cut per
pass, ﬁrst sample is ground with SG wheel and other with
WA wheel. These samples are marked as T1 and B1
respectively.
In order to calculate the grinding ratio, the weight of the
samples and the grinding wheel are measured before and after
the grinding experiments. Unibloc make high–resolution
portable weighing balances with resolution of 0.1 mg are used
to measure the weight. Before commencing each grinding
experiment, the wheel is dressed by employing the following
dressing parameters: type of dresser – single point 2 ct
diamond cutter, number of passes – 10, depth of cut – 20 mm
per pass, transverse velocity 100 mm min1. No dwell (spark
out) time is provided at the end of the plunge cut. The
measured and derived parameters for the evaluation of the
grinding wheels and the procedure are presented in following
sections.

2.1.

Image processing for wheel wear measurement

The grinding wheel surface images are captured using a Basler
make charge coupled device (CCD) camera with a resolution of
1024  1024 pixels to evaluate the grinding wheel attritious
wear of grains (Fig. 2). For this, the wheel is divided into 12
parts and the CCD camera is ﬁxed in the wheel head as shown
in Fig. 2. The pixel size used for taking images is
7.4 mm  7.4 mm at a frame rate of 30 fps. The signals from
camera are then sent to computer using frame grabber. Images
are captured before and after completion of the grinding
passes. Attritious wheel wear or wear ﬂats are calculated by
measuring the white patches in the wheel surface using
Matlab software.
In Matlab, the images are subjected to three steps namely
normalization, thresholding and opening operations to obtain
the wear regions. Gaussian normalization step removes the
unevenness caused by background illumination and other
noises caused by camera. The image is segmented by thresholding as a binary image into wear and non–wear regions. The
binary image is further subjected to opening morphological

Fig. 2 – Image processing setup to capture grinding wheel
images.

operation to remove the segmentation artifacts [7]. Then, the
wear ﬂat area (%) is calculated using Eq. (1).

Wear flat area ð%Þ ¼

Number of white pixels in an image
Number of total pixels in an image
(1)

2.2.

Temperature measurement

Schematic setup of force and temperature measurement is
presented in Fig. 3. Liu et al. summarized the different
temperature measurement methods used in grinding processes [8]. Thermocouples such as B, E, J, K, N, R, S and T are used
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Fig. 3 – Schematic of temperature and force measurement system.

Quasmo MR 5000 inverted metallurgical microscope with
polarized light source under bright ﬁeld mode.

for various range of temperature measurement. From the
literature, it is known that the temperature measured during
grinding is in the range of 500–1000 8C [9,10] and hence Type K
thermocouples are used for this purpose. The selected
thermocouples are calibrated for the temperature range of
300–1200 8C. It is then inserted into the workpiece in 2.2 mm
diameter blind hole and 1.5 mm below the surface to be
ground. Probe diameter of the thermocouples is 2 mm. High
temperature epoxy Permabond 920 is used to ﬁx the
thermocouple in the blind hole. Excess contact between
sample and the thermocouple is avoided using glass wool.
Thermocouple outlet is connected to agilent data acquisition
system, which can acquire data for every 500 ms and the
collected data is analyzed using Benchlink software.

In this paper, the measured parameters such as normal force,
tangential force, temperature and wheel wear are used to ﬁnd
the calculated parameters such as MRR, grinding ratio, wear
ﬂat area and the tangential force to normal force ratio. From
these, the mechanism of material removal in grinding and the
speciﬁc grinding energy are determined. These parameters
give a good understanding of the grinding process. The results
are given in the following section.

2.3.

3.1.

Grinding force measurement

Out of three orthogonal force components (tangential, normal
and transverse), the transverse component of force is not
measured since the present study is on plunge grinding. Both
the tangential component (Ft) and the normal component (Fn)
are measured using Piezo–electric dynamometer. The maximum value of the forces (both Ft and Fn) per pass is evaluated
from the obtained data and is considered for further analysis.

2.4.

Microstructural studies

The ground samples are subjected to microstructural analysis
to study the inﬂuence of grinding on their surface integrity.
After grinding, microstructural studies are carried out for S5,
S10, S15, S20 and S25 samples ground with SG grinding wheel.
In the same way, microstructural studies are also carried out
for A5, A10, A15, A20 and A25 samples ground with WA
grinding wheel. Ground samples are sliced along the direction
perpendicular to the grinding direction with wire cut EDM
(Table 2). Cut samples are molded using cold setting epoxy to
ensure the edge retention and also ﬂattened using belt grinder.
With this the heat–affected zone by the wire cut EDM is
removed. Then standard metallographic methods are used to
polish the sample. Samples are etched using 2% nitol solution
for 5 seconds. Optical microscopic images are captured in a

3.

Results and discussion

Attritious wheel wear characterization

In this study, the wear ﬂat area is measured using image
processing technique [11] and presented in Figs. 4–6. Figs. 4
and 5 present the wear ﬂat area images from CCD camera
before and after grinding of SG and WA grinding wheel
respectively. The white patches in Figs. 4(b) and 5(b) represent
the wear ﬂat area of the abrasive grains. It is observed in the
ﬁgure that, the tough SG grinding wheel (Fig. 4(b)) generates
more wear ﬂats than WA grinding wheel (Fig. 5(b)).
In Fig. 6(a) the variation of wear ﬂat area with number of
samples is plotted for SG grains. It is clearly shown that the
wear ﬂat area increases in active grains with number of
samples ground for SG grains. In the same way, the relation
between the percentages of wear ﬂat area and sample
numbers are plotted for friable white alumina grains in
Fig. 6(b). The changes in wear ﬂat area for WA grains with
respect to time are found to be non–linear with random
variation in the wear ﬂat area.
In case of WA wheel, whenever the wear ﬂat area increases,
the contact area between the grain and workpiece also
increases, hence the forces to remove the same volume of
material also increases. At certain point of time, this reaches
the fracture toughness of grains. It initiates the grit fracture in
the grains leading to self–sharpening phenomenon. The self–
sharpening feature of WA grains opens up the new sharp
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Fig. 4 – SG grinding wheel images: (a) before grinding and (b) after grinding of S25 sample. Arrow in the figure indicates the
wear flat area.

Fig. 5 – WA grinding wheel images: (a) before grinding and (b) after grinding of A25 sample. Arrow in the figure indicates the
wear flat area.

Fig. 6 – Variation of wear flat area (%) with samples: (a) for SG grinding wheel and (b) for WA grinding wheel. Condition–
discrete experiment.

edges, hence decreases the force required to remove same
amount of material.
In case of SG grains, the toughness is more as compared
with that of WA grains. So the force required to initiate the grit
fracture is more. This attributes to the retention of blunt edges,
hence increase in wear ﬂat area. Image processing technique
has some limitations; in which focusing the same area is
practically not possible. To improve accuracy, six images are

captured in each segment, and the mean wear ﬂat area gives
the % of wear ﬂat area for the segment.

3.2.

Grinding temperature analysis

Temperature generated in grinding is a direct consequence of
the energy input to the process. Grinding has more speciﬁc
energy compared to any other metal removal processes and

archives of civil and mechanical engineering 17 (2017) 400–409
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Fig. 7 – Variation of temperature with samples: (a) for SG grinding wheel and (b) for WA grinding wheel. Condition–discrete
experiment.

most of this energy is converted into heat in the grinding zone.
This heat degrades the surface integrity of the sample.
In order to study the effect of processing route of grinding
wheel on temperature, the increase in temperature during
grinding are measured from the thermocouple inserted in the
workpiece. Variations of temperature with number of samples
for SG grains and WA grains are plotted in Fig. 7. It is clear from
the ﬁgure (Fig. 7(a)) that the temperature increases with
number of samples ground while grinding with SG grains. This
is due to the increase in wear ﬂat area with grinding time. This
changes the dominant mode of material removal from
shearing to rubbing and plowing. The increase in wear ﬂat
area increases the contact area between the abrasive grain and
the samples, and hence increases the friction between the
surfaces. This leads to increase in temperature in grinding
zone. This is clearly shown in ﬁgure (Fig. 7(a)) that for SG grains
the temperature increases from 135 8C to 270 8C at the end of
25th sample grinding. In case of WA grains grinding, the rise is

temperature (Fig. 7(b)) very less and varies between 80 8C and
110 8C. This is due to the self–sharpening of WA grains which
makes the grains to be almost sharp throughout the grinding
process and hence the dominant material removal mechanism remains to be shearing throughout the grinding process.
All the aforementioned temperatures are measured at the
distance of 1.5 mm from the ground surface. Therefore, in
order to assess the temperature at the grinding zone (i.e. at the
point of grinding), samples are subjected to continuous
grinding with both SG and WA grinding wheels (samples T1
and B1 respectively) up to the total depth of cut of 5 mm. By
doing so, the temperature data can be obtained until the wheel
touches the tip of the thermocouple. The temperature in this
continuous grinding with both the wheels is shown in Fig. 8.
Maximum temperature of 680 8C is measured at 279 passes in
which the thermocouple is exposed to grinding environment
in WA wheel (Fig. 8(b)). In case of SG wheel, the maximum
temperature is found to be 876 8C (Fig. 8(a)). Since the

Fig. 8 – Temperature rise for continuous grinding: (a) for SG grains (sample T1) and (b) for WA grains (sample B1).
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Fig. 9 – Variation in Forces with passes: (a) tangential force, (b) normal force and (c) Ft/Fn ratio.

temperature rise in case of SG wheel reaches the austenization
temperature, the surface integrity of the material ground by SG
wheel is affected which will be discussed in the later section.

grains, it decreases from 0.55 to 0.35 and this shows the change
in mechanism from shearing to sliding and plowing as
mentioned by Subramanian et al. [4].

3.3.

3.4.
Evaluation of grinding ratio and speciﬁc grinding
energy

Grinding force analysis

Fig. 9 shows the variations of force and change in friction co–
efﬁcient (Ft/Fn) with number of passes. For SG grains both
tangential force and the normal force increase with number of
passes. For tough SG grains, as the wear ﬂat area increases the
Fn also increases i.e., the force required to penetrate the surface
also increases. For friable white alumina grains, as the cutting
edge become blunt, the cutting force for the grain also
increases. Whenever the force reaches fracture toughness of
abrasive grains, it initiates the grit fracture or bond fracture. It
will open up the new sharp edges to the grinding environment,
which requires lesser force for material removal. Therefore,
both the tangential and normal force components for grinding
with WA are almost constant.
For SG grains, Fn increases with number of passes and this
increase in Fn is the direct indicator of the wear ﬂat area of the
abrasive grains [12]. It is clear from Fig. 9(c) that the Ft/Fn ratio
decreases from 0.55 to 0.46 for WA grinding wheel. But for SG

The key to a successful grinding process is the selection of the
right wheel for the job. It must be able to provide the ﬁnish and
accuracy required, and it should also wear enough to keep the
grains sharp, but not much enough to lose the form leading to
instability in grinding. Selection is normally empirical, and
whilst this often works, it can throw up unexpected results,
which may degrade the accuracy and integrity of the
workpiece. A more scientiﬁc selection method would clearly
be an advantage, but has been hard to develop because of the
complex interactions, which determine grinding performance.
Grinding ratio is deﬁned as the ratio of volumetric material
removal rate of workpiece and grinding wheel. Grinding ratio
is calculated based on Eq. (2):
Grinding ratio ¼

Dwsample rwheel
Dwwheel rsample

(2)
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of the formation of large wear ﬂat area. Since the grains in WA
wheel remain almost sharp throughout the grinding process,
the speciﬁc grinding energy in WA wheel is low.

3.5.

Fig. 10 – Grinding ratio of for the WA and SG grinding
wheels.

where Dwsample and Dwwheel are the weight reduction in work
material and grinding wheel respectively in kg, rsample and
rwheel are their corresponding densities in kg/m3. The calculated grinding ratio for both the SG and WA wheels is shown in
Fig. 10. SG grinding wheels show higher grinding ratio than
that of WA wheel, which indicates that the wheel life of SG
wheel is longer, and can produce more parts compared with
white alumina grains. While grinding with WA grains, with
increasing grinding passes the force builds up and when it
reaches the fracture toughness of alumina grains, it initiates
grit fracture/bond fracture, thus increasing the wear rate of the
wheel. But in case of SG grains the toughness is higher than
WA grains. Therefore, it will generate wear ﬂats and the
possibility of grit fracture is less. So the abrasive grain is
optimally utilized with higher grinding ratio.
The speciﬁc grinding energy, U is calculated based on the
following expression (Eq. (3)):
U¼

Ft vs
ðJ=mm3 Þ
MRR

(3)

Microstructural characterization

The cross section of the ground sample is subjected to
microstructural analysis and compared with the base material
in order to study the metallurgical modiﬁcation of the ground
surface which is discussed in the present section. The optical
microstructure of the base sample before grinding is shown in
Fig. 11. Uniformly distributed ferrite and martensite phases are
observed and the ferrite grains carry martensite phases along
its grain boundaries.
Microstructural studies are carried on the ground samples
and the same is presented in Fig. 12. For grinding with SG
grains, the fresh wheel grinds smoothly and there is no
modiﬁed layer observed. In S15, a thin discontinuous white
layer (WL) is observed (Fig. 12(a)). When the samples are
subjected to harsh machining, grinding, or sliding, a thin-hard
layer is formed on steel surfaces which deteriorate the surface
integrity. This layer is known as white layer (WL) [13]. The
microstructural modiﬁcation of case hardened bearing steel
can be monitored using magnetic Barkhausen noise emission
[14]. Thermal effects, plastic deformation and chemical
reaction at elevated temperatures are found to be some of
the reasons for formation of WL [15]. Among these, the
thermal effect is the main cause for WL formation in our study.
WL forms in steels due to rapid heating to the austenization
temperature and sudden cooling [16,17]. While grinding with
sharp grains, the temperature generated is not sufﬁcient
enough to cause the phase transformation. As grinding
proceeds, the grains become dull, hence increases the
temperature in grinding zone (Fig. 8(a)). This leads to phase
transformation in the sample to austenite. Then the sample is
subjected to sudden cooling by the bulk and the atmosphere.
This leads to the formation of hard brittle layer in the surface,
which is seen as white color after over etching under optical
microscope. In discrete grinding, the samples are subjected to
both heating and rapid cooling after grinding. The thickness of
the WL is increased from S15 to S25 when the same grinding

where Ft is the tangential force in N, vs is the cutting speed in
m/s and MRR is the material removal rate, which is expressed
in Eq. (4).
MRR ¼ vw abs ðmm3 =sÞ

(4)

where vw is the feed rate in mm/s, a is the depth of cut in mm
and bs is the width of the material in mm. Speciﬁc grinding
energy is the ratio between the power and the material removal rate. In this study, power is calculated from the tangential force and the cutting speed.
Speciﬁc grinding energy is found to vary from 35 J/mm3 to
57 J/mm3 for the grinding with SG alumina grains. However, in
case of grinding with WA wheel the speciﬁc grinding energy is
found to be in the range of 30–40 J/mm3. For the given material
removal, more amount of energy is consumed in SG wheel as
compared with WA wheel. The higher speciﬁc energy in SG
wheel is attributed to the change in the material removal
mechanism from shearing to the plowing and rubbing because

Fig. 11 – Base microstructure of AISI 52100 steel.
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Fig. 12 – Micrographs of ground surface with SG wheel – transverse section showing the white layer of AISI 52100 steel:
(a) S15, (b) S25, (c) A15 and (d) A25.

wheel is used without dressing (Fig. 12(a) and (b)). The
thickness of WL is found to be in the range of 46–54 mm for
S25 sample. No such layer is observed while grinding with WA
grinding wheel (Fig. 12(c) and (d)).

4.

Conclusions

In present study, the grinding behaviors of alumina abrasive
wheels processed by two different routes (one by conventional
fusion method and the other by sol–gel sintering method) are
studied and the major conclusions are summarized below.
1. Higher toughness of sol–gel grains led to formation of wear
ﬂats which in–turn increased the cutting force and
temperature in the grinding zone.
2. For a given material removal rate, fused alumina abrasive
grains yielded lesser grinding ratio compared with that of
sol–gel alumina grains.
3. Fused alumina grains tend to fracture when the cutting
force reaches a critical value thus maintaining sharp grains
throughout the grinding process.
4. The dominant mechanism in sol–gel wheel is found to be
ploughing and rubbing while the grinding mechanism in
fused alumina tend to remain as shearing throughout the
grinding process.

5. Higher temperature in the grinding zone of sol–gel wheel
degraded the ground surface leading to formation of white
layer, which affects the surface integrity of the ground
material. No such detrimental layer is observed when
ground using fused alumina wheel.
6. In spite of all the advantages, fused alumina possess, the
grinding ratio is very low for fused alumina wheel, which is
an important factor that affects both productivity and
manufacturing cost. Therefore, usage of sol–gel is suggested
for optimum productivity, but with proper and regular
dressing during the grinding process.
7. In future, the grinding wheel dressing time can be
optimized based on the grinding force variation which is
a good predictor of surface integrity. By doing so, an
optimum combination of good surface integrity with
reduced manufacturing cost can be achieved.
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