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ABSTRACT

KEYWORDS

In the present work, the effect of various grinding mechanisms
on white layer (WL) formation in AISI 52100 steel is studied using
two types of alumina grains, one produced by sol–gel process
and the other by conventional fusion. Further, a novel approach is
proposed on predicting the WL formation using grinding power.
This study correlates the power variation with the change in the
metallurgical aspects of the work material. WL of about 56 µm
thickness is observed in the material ground by worn out sol–gel
alumina wheel. However, no WL is present in the material ground
by fused alumina wheel. High toughness in sol–gel alumina led
to generation of wear flats with increasing grinding passes and
transformed the dominant grinding mechanism from shearing
to plowing and sliding. This increases the temperature in the
grinding zone, which was the reason for WL formation. Change
in the dominant grinding mechanisms from shearing is found
to increase the grinding power. Since the change in dominant
grinding mechanisms is the cause for WL formation, the increase
in grinding power is found to be a good measure in predicting
the WL formation. The predictability of WL formation by grinding
power is further validated by comparing the power variation in
grinding process by both the grinding wheels.

Grinding power; grinding
mechanism; sol–gel; white
layer; wear ﬂat

Introduction
Grinding is a widely used finishing operation for engineering components that
need high tolerance, good surface finish and better surface integrity (Malkin and
Guo, 2008). However, the presence of multiple cutting edges with random geometry
and different orientations make the grinding process more complex. Due to the
complexity of the grits geometry, various mechanisms dominate in grinding unlike
other machining operations, where shearing is the only dominant mechanism.
As asserted by Subramanian and Lindsay (1992), any change in the topography
of wheel surface alters the extent of microscopic interaction of abrasive grains
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with work material and changes the manner of material removal. When grinding
with sharper grains, shearing dominates over plowing and sliding. But when the
grains become blunt, sliding and plowing increases thus increasing specific energy.
Further, the blunt grains increase the contact area, inducing more temperature in
the grinding zone. The high temperature induced at the ground surface may lead
to surface burn, tensile residual stresses, phase transformation, white layer (WL)
formation, etc., which ultimately affects the surface integrity.
WL is a layer of material with modified microstructure and mechanical properties that appears distinctly in white color when observed under optical microscope
even after over-etching. It is thermally resistant, hard and brittle; and increases the
roughness over the ground surface, thus affecting the surface integrity (Tomlinson
et al., 1991; Moylan et al., 2003). Other than grinding process, WL is observed in various other machining processes, such as hard turning (Vyas and Shaw, 2000; Akcan
et al., 2002; Moylan et al., 2003; Bosheh and Mativenga, 2006; Aramcharoen and
Mativenga, 2007; Veldhuis et al., 2009; Caruso et al., 2011; Umbrello, 2012; Raghavan et al., 2013; Hosseini et al., 2014; Kalam et al., 2015; Bedekar et al., 2016), wire cut
electric discharge machining (García Navas et al., 2008; Cong et al., 2011), drilling
(Sharman et al., 2008; Herbert et al., 2011), etc. WL is formed due to: (i) temperature effects, (ii) plastic deformation and (iii) chemical reaction with tool and environment at elevated temperatures (Griffiths, 1987). Hosseini et al. (2014b) studied
the causes of WL formation during hard turning of AISI 52100 steel and concluded
that temperature effect plays the major role in formation of WL.
Since hardened steels are difficult to finish by other machining operations, grinding is generally used in the manufacturing of high precise parts (Ming et al.,
2008). When the temperature in grinding zone exceeds the A3 critical temperature,
α-phase is converted into γ -phase and forms brittle untempered martensite due to
sudden quenching in steels, which is otherwise called as WL (Shaw and Vyas, 1994).
An increase in WL thickness with increased content of carbon in hardened steel was
observed by Huang and Ren (1991).
Various characterization techniques were followed by researchers to study the
WL characteristics. Ramesh et al. (2005) prepared taper sectioned samples to
enhance the thickness of the WL for nano-indentation, while measuring the hardness of the WL. This ensures the indentation during hardness measurements is
on the WL not on the bulk of the sample. Effect of thermomechanical phenomena on nano-structural evaluation of hard turned WL is done for carburized steels
(Bedekar et al., 2013). Another study by Bedekar et al. (2015), uses high resolution
transmission electron microscopy to analyze the orientation of grains and texture
of WL.
Subramanian (1999) correlated the dynamic response of the machine tool with
the power variation in grinding and derived various components of the power such
as threshold and cutting component from the measured power. He further stated
that the variation in power is found to be an indirect measure of wheel wear, and
hence the status of the grinding wheel can be assessed using spindle power measurement. Though force measurement is a well-established method in monitoring the
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grinding process, grinding force measurement is expensive and needs complex fixturing, which modifies the stiffness of the system. This calls for an alternative online
monitoring technique that can be efficiently handled without affecting the performance of the grinding process. Power measurement is found to be a suitable alternative for force measurement in monitoring the grinding process (Badger, 2009).
Karpuschewski et al., (2000) monitored the grinding process with power and acoustic emission sensors based on data fusion. They also used the sensors for condition
monitoring and grinding monitoring.
Though several studies were attempted in assessing the formation of WL during
various machining operations, many of them concerned about WL in turning operations. Further, no attempt was made in the past to correlate the WL formation with
the power input to the system. With this background, the present work is formulated to study the underlying mechanism for the formation of WL during grinding
of hardened AISI 52100 steel and to evaluate the correlation of grinding power variation with the WL formation. In addition to these, the change in microstructure and
mechanical properties at the ground surface is studied in detail. The main objective of the present research work is to evaluate the predictability of grinding power
in maintaining the surface integrity, preventing from WL formation in the ground
surface during grinding.
Theory and methodology
In order to systematically evaluate the effect of temperature on WL formation, experiments were conducted considering three major cases.
Case 1: Discrete grinding of AISI 52100 steel with sol–gel alumina grains
In general, the grains are assumed to be sharp after dressing. As grinding progresses, sol–gel wheel generates wear flats on the grains due to attritious wear of the
grains. This increases the contact area between the worn out grains and the workpiece leading to an increase in grinding zone temperature. At the same time, the
material’s bulk zone and the surrounding atmosphere try to quench the ground surface. This phenomenon of rapid heating and cooling of the material surface leads to
WL formation.
To evaluate and validate the aforementioned phenomenon in causing WL formation, the grinding wheel is dressed initially and experiments were carried out with
no dressing in-between. Keeping the wheel constant, samples were changed after
every 20 passes as given in Figure 1.
Case 2: Grinding AISI 52100 steel with sol–gel alumina grains (Continuous
grinding)
As the number of grinding passes increases, the bulk temperature increases considerably and hence the quenching takes longer time. Therefore, in this case, the
workpiece is not allowed to cool suddenly. This is analogous to over tempering effect
of the ground surface layer.
For this case, a fresh dressed wheel is used to grind a single sample up to 500
passes (Figure 1) continuously to study the aforementioned effect.
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Figure . Layout of the proposed methodology.

Case 3: Grinding AISI 52100 steel with white alumina grains (discrete and continuous grinding)
White alumina grains are friable and hence it initiates the grit fracture, whenever
the force increases beyond a certain limit. Thus, the grains remain sharp at all time.
In this case, the temperature is not increasing beyond austenitization temperature.
However, the sample is allowed to quench. To validate this case, experimentations
were carried out using white alumina wheel with grinding conditions similar to that
of case 1 and case 2.

Experimental procedure
To analyze the conditions responsible for WL formation on ground surface, the AISI
52100 steel material was ground on surface grinder with two types of wheels: (i)
SG60-30J8VS3 wheel with tough sol–gel alumina grains (SG wheel, hereafter); (ii)
WA60J8VS3 wheel with friable alumina grains (WA wheel, hereafter). Both of them
have the same grain size, structure, bond, porosity (60 J8 VS 3) and size (200 mm
φ x 13 mm width with bore diameter of 31.75 mm). Annealed AISI 52100 steel
specimens of 50 mm x 20 mm x 20 mm were chosen as the work material. Chemical
composition of this material was found by Optical Emissive Spectroscopy and its
composition is given in Table 1.
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Table . Chemical composition of AISI  steel.
Element
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These samples were subjected to through hardening heat treatment followed
by tempering as per ASM standard. Hardness across cross-section was measured
using Rockwell hardness tester and the nominal hardness value is found to be in the
range of 59–61 HRC. To prepare the samples for hardness measurement, abrasive
water jet cutting was used to avoid heat affected zone. Grinding with flood coolant
was used after abrasive water jet cutting.
Surface grinding was carried out in up-grinding mode, employing the process
parameters shown in Table 2. No spark out was given in between the experiments.
Cutting speed of 25 m s−1 was used since the maximum operating speed of WA
wheel is 3,000 RPM. To study the effect of wear flats on grits in WL formation during grinding, the first set of experiments (discrete) were performed on 25 samples
without dressing the wheel between the experiments. Each sample was ground by
removing a depth of 200 µm with 10 µm depth of cut per pass using SG grinding wheel and the samples are marked as S1, S2, S3 … S25 accordingly. Similarly,
the samples were ground using WA wheel with the ground samples designated as
A1–A25 accordingly.
The second set of grinding experiments was conducted to study the influence
of accumulated heat on the formation of WL. Two samples were considered and
each sample was ground by removing a depth of 5,000 µm with 10 µm depth of cut
per each pass. The first sample was ground with SG wheel and the other sample was
ground with WA wheel. These samples are marked as T1 and B1, respectively. Before
commencing the grinding experiments, the wheel was dressed using a single point
diamond dresser with the dressing parameters: number of passes – 10, depth of cut
– 20 µm per pass, transverse velocity 500 mm min−1 . Grinding zone temperatures
were measured using type K thermocouple. Calibrated thermocouple is placed in
a blind hole of 2.2 mm blind hole in the workpiece. Thermocouples were covered
except the thermocouple bead and then fixed in workpiece using Permabond 920.
Output of the thermocouple is connected to the Agilent data acquisition system and
then the temperature data is analyzed using Benchlink software.
WL thickness was measured using optical micrograph and scanning electron
microscopy (SEM); Hardness variation was analyzed using Vickers micro-hardness
tester and the distance between two indentations was well maintained to avoid over
lapping as shown in Figure 2. X-ray diffraction (XRD) is used to analyze the phase
transformation in WL. Power drawn by spindle motor was measured by using Hall
Effect sensor in power meter to correlate the WL formation with power and the
schematic for power measurement is shown in Figure 3. During grinding of work
material, the power drawn by the spindle motor was monitored with a power meter
and the data was collected continuously. This data was analyzed by means of LabVIEW 2012 software. This data was collected at 2 kHz sampling rate. The ground
samples were carefully protected from rust formation after grinding. The grinding

/sample

,

A-A ( Samples)

B



/sample

Total depth of cut (µm) No. of passes

Sample number

Grinding Wheel:
Friable Alumina grains (WA)

Process: Surface plunge grinding
Work Material: AISI  steel
Sample size (mm x mm x mm):  ×  × 
Wheel size (mm x mm x mm):  ×  × .
Stroke Length (mm): 

Table . Process parameters chosen for grinding.

S–S ( Samples)

Sample number

Continuous grinding. T

Dressed initially. No
dressing in between.

Remarks

,

/sample



/sample

Total depth of cut (µm) No. of passes

Grinding Wheel:
Tough Alumina grains (SG)

Grinding conditions: Dry grinding, no spark out

Cutting speed v s (m s− ): 
Table speed v w (m min− ): .
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Figure . Schematic of hardness indentation on ground samples.

wheel images were captured using a Basler CCD camera at multiple locations to
evaluate the wheel wear. To study the formation of WL, the samples S5, S10, S15,
S20, S25, T1 ground with SG wheel, and the specimens A5, A10, A15, A20, A25, B1
ground with WA wheel were subjected to microstructural characterization. These
samples were cut perpendicular to the ground surface with wire cut electric discharge machine as 5 mm × 5 mm × 5 mm. These samples were then finished with
a belt grinder in order to remove the heat-affected zone/recast layer formed during
cutting with wire cut electrical discharge machining (EDM). Then, all these samples
were polished using standard metallographic procedure followed by optical microscopic examination of upper and sub-surface layers of ground surface. These samples were polished using emery papers of mesh size 400, 800, 1,200 and 2,000 followed by polishing using 6 µm alumina paste and final polishing is done using 0.5
µm diamond paste. The samples were then chemically etched using 2% nital solution (2 ml of nitric acid with 98 ml of ethanol) for 5s and the etched surface were
observed under Quasmo MR 5000 (Quasmo, Haryana, India) inverted metallurgical
microscope with polarised light source under bright field mode at a magnification
of 200x. Similar sample preparation procedure is followed for samples used for SEM
study. Micro-hardness was measured using Vickers hardness tester by applying 25 g
load for 10 s duration. Five measurements were taken at each depth to minimize the
error and the indentations are well spaced to avoid any overlapping.

Figure . Schematic of power measurement set-up in surface grinding machine tool.
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Figure . Base Microstructure of AISI  steel.

Phase analysis of samples before and after grinding was done using Bruker AXS
D8 Discover diffractometer with Copper source, Kα radiation (λ = 1.54 Å)) from a
source operated at 40 kV and 40 mA, 2θ from 40 to 90 degrees, scan increment is
0.1 degrees per second. Residual stress profiles were measured for a depth of 200 µm
using a chromium source by XRD method using Rigaku strainflex residual stress
analyzer. Layer removal method by electro polishing was used to expose the next
layer.
Results and discussion
To study heating effect on WL formation, two types of grinding wheels were used
in this study. First, grinding wheel is with friable alumina grains, which retain sharp
edges all the time. So, there is not much temperature rise. Second, grinding wheel
consist of 30% tough SG grains and remaining 70% is with friable alumina grains, in
which temperature increases with number of passes. Further, effect of rapid quenching on WL formation was studied by grinding the sample continuously up to 5 mm
depth with no break in-between. This makes the material to continuously heat up
and the material is not allowed to cool until the final pass.
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 that is discussed in the present section. The optical microstructure of the base sample before grinding is shown in Figure 4, in which uniformly
distributed ferrite and martensite phases are observed.
Figure 5 shows the micrographs of the samples ground using SG wheel.
Samples were over etched to show WL. WL is featureless and it is etch resistant.
In discrete experiments, no WL was observed in ground samples S1–S10. No WL
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Figure . Micrographs of AISI  steel after grinding with sol–gel wheel. Conditions: cutting speed:
 m s− , feed rate: . m min− , depth of cut:  µm (a) Sample S (b) Sample T.

is evident while grinding with unworn abrasive grains. Grinding and hard turning
are the competitive material removal processes for hardened steels. Hence, this is in
agreement with no WL is seen while turning with unworn cutting tools (Barry and
Byrne, 2002). In these conditions, the grains are assumed to be sharp with shearing
as the dominant grinding mechanism.
As grinding experiments progresses, the wheel gets blunt increasing the wear
flats. The wheel wear leading to formation of wear flat area is validated from the
charge coupled device micrographs that are shown in Figure 6. After dressing,
the grinding wheel possesses sharp grains, which are evident from Figure 6a. The
wear flats generated after grinding are indicated by arrow heads in Figure 6b. The
generated wear flats increase the area of contact between abrasive grain and the
workpiece, which changes the dominant mechanism from shearing to plowing and
sliding increasing the temperature in the grinding zone. This grinding zone temperature may reach the austenitization temperature of the steel. The peak temperature

Figure . CCD micrographs showing the sol–gel grinding wheel: (a) After dressing (b) After grinding
S sample. The wear ﬂats generated during grinding are indicated by arrow heads. (Image Magniﬁcation: ×).
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measured while grinding S25 sample is 780ºC, which is above austenization temperature of steels. While the contact area acts as a heat source, the material’s bulk and
the atmosphere tries to dissipate the heat from the ground surface, inducing sudden
quenching of the surface. This generates a hard brittle layer in the surface. This layer
is observed as a white colored layer when viewed under optical microscope. This is
called a white etching layer or simply WL (Griffiths, 1987). Continuous and thick
WL is seen over the sample S25 (Figure 5a). Thickness of the WL formed in grinding
is more compared to the WL in hard turning due to its line contact of the grinding
wheel with the workpiece. The contact between cutting tool and workpiece is a point
in hard turning. It is observed that the thickness of WL reaches a maximum of 62
µm on the sample S25. Carbides were seen in AISI 52100 steel base microstructure
(Figure 4). However, as WL is etch resistant, the carbides in WL are not clearly seen
(Figure 5a).
In order to validate the concept of intermittent quenching for the formation of
WL, continuous grinding experiments have been done for 5 mm under the same
grinding conditions. Since the grinding is done on the same workpiece for 500
passes, each grinding pass increases the bulk temperature of the sample due to conduction from the ground surface. In this case, Bulk of the sample is not participating
in heat dissipation. Hence, the heat generated during grinding is dissipated due to
the contact of the ground surface with the atmosphere. Since sudden quenching
does not occur, no WL is observed in T1 sample which is ground with SG wheel
(Figure 5b).
To validate the assertion that the wear flat area and plowing mechanism are the
main reasons for the generation of WL, another set of experiments were done using
the wheel made of friable WA wheel. Because of the brittle nature of the WA grains,
grain fracture occurs when the grinding force reaches the fracture toughness of the
grains (Jackson and Hitchiner, 2013). Therefore, the wheel gets self-sharpened and
no wear flats are generated and the dominant mechanism remains to be shearing
throughout. No WL is observed in both discrete (A1 to A25) and continuous (B1)
grinding modes on grinding with WA wheel that is shown in Figure 7. This confirms

Figure . Micrographs of AISI  steel after grinding with white alumina wheel. Conditions: cutting
speed:  m s− , feed rate: . m min− , depth of cut:  µm (a) sample A (b) sample B.

MACHINING SCIENCE AND TECHNOLOGY

11

that the generation of wear flat area, which directly influences the temperature in the
grinding zone, is the major reason for the WL formation. Sridharan et al., (2013)
experimentally proved in grinding of hardened steel with CBN grains, whenever
the toughness of the abrasive grains increases the heat affected zone also increases.
This is due to the resistance of self-sharpening effect of the grains.
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Hardness variation

The impact of grinding-induced microstructural changes on mechanical properties of materials was studied by means of hardness measurements. Vickers microindentation hardness was measured in the cross-section to study the effect of WL on
hardness. In order to understand any sub-surface damage induced during grinding,
the hardness variation was measured up to a depth of 1,000 µm from the ground
surface and is shown in Figure 8.
The hardness of the WL is higher than that of the base material (Figure 8a). This
is in agreement with the study done by Moylan et al. (2003). WL thickness is more
than the indentation diagonal length (D1 ࣈ D2 ࣈ11 µm). Hence, the indentation
falls in the WL. The increase in the hardness in WL region is followed by a decreased
hardness in the sub-surface region beyond which the hardness stabilizes and reaches
the bulk hardness value. However, the WL is approximately 16–45% harder than the
bulk material. This increase in hardness in WL is due to the untempered martensite
produced in ground surface by the quenching effect after grinding. This quenching
effect results in modification of microstructure, in addition to that plastic deformation followed by grain refinement are the causes for elevated surface hardness
(Umbrello, 2012). The decrease in hardness in the sub-surface is due to the decrease
in heat dissipation rate in WL surface because of the WL’s reduced thermal conductivity. This soft layer is composed of the over tempered martensite (Akcan et al.,
2002). Below the soft layer, the bulk material hardness is measured as ∼720 HV,
which is not affected by the grinding process. For sample S25, a reduced hardness
layer is observed between 50–350 µm. Not much variation in hardness is observed
in A25, which is ground using WA wheel, where there is no WL formation.
In case of continuous grinding, sample ground using SG wheel (T1) shows a
decrease in hardness near the surface. This is attributed to the thermal softening due
to the over tempered martensite at the ground surface. Continuous heat accumulation in the material’s bulk zone tempers the surface region decreasing the hardness.
As the sample ground using WA wheel (B1) was not subjected to high temperature as that in T1, the hardness of the material is constant throughout the sample
(Figure 8b).
XRD and residual stress analysis

From the microstructure and micro-hardness studies, it is evident that the subsurface of the ground samples has undergone substantial modification. To analyze
the possible reasons for these modifications, XRD was taken and the results were

U. MADOPOTHULA ET AL.
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Figure . Variations of hardness across section (a) Sample A ground with WA grinding wheel &
Sample S ground with SG wheel (b) Sample B-continuous grinding with WA grinding wheel & T
continuous grinding with SG grinding wheel.

13

Downloaded by [University of Sussex Library] at 09:30 22 September 2017

MACHINING SCIENCE AND TECHNOLOGY

Figure . X-Ray diﬀraction pattern of heat treated AISI  steel (a) Before grinding (b) S (c) T.

plotted in Figure 9. Before grinding (Figure 9a), the prominent phases observed are
only ferrite and martensite. After grinding, the samples with WL show the peaks
corresponding to retained austenite other than ferrite and martensite (Figure 9b).
However, the retained austenite phase is not seen in the samples without WL
(Figure 9c). Therefore, the possible reason for the increase in the hardness may be
the phase change that occurs because of the thermal effect. Due to the tempering
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Figure . Residual stress distributions below ground surface in grinding direction.

effect the austenitic phase is retained and this is evident from the XRD as shown
in Figure 9c. Since, the tempering effect is not prominent in case of the continuous
grinding; no austenitic phase is observed in sample T1.
In order to study the residual stress developed in the work-material during grinding, residual stress measurement is done both at the surface and sub-surfaces up to
a depth of 120 µm with a step of 20 µm and the results are shown in Figure 10. Due
to the thermal cycle (heat treatment) induced before grinding, compressive stress
of about 100 MPa is stored in as-heat-treated sample. During grinding, the induced
plastic deformation, thermal cycle and metallurgical transformation generate residual stresses in ground samples (Malkin and Guo, 2008).
In S5 sample, both the surface and the sub-surface region up to a depth of 25 µm
shows tensile residual stress, whereas the bulk region shows compressive residual
stress with a maximum of about 600 MPa. This is attributed to the dominant shearing mechanism during grinding of S5 sample. Since, sample S5 is ground using the
unworn grinding wheel, (this is the 5th sample ground using SG wheel after dressing) most of the abrasive grains in the surface of the grinding wheel remain sharp
and the dominant mechanism is shearing rather than plowing and rubbing. Therefore, most of the energy expended is used in material removal and very less amount
of energy gets transferred into thermal energy. This is evident from the temperature
measurement, which shows in S5 sample at 650 ºC. Since there is no possibility of
phase transformation at 650 ºC, the observed residual stress stored in S5 sample is
mainly by the thermal gradient experienced by the sample. In sub-surface, the thermal expansion of the surface is constrained due to lower temperature at sub-surface
of the workpiece. Due to this compressive stresses were generated in sub-surface
of sample S5. Plastic flow of the material is happening if this compressive residual
stress is sufficient. The material tends to cool-down, this plastically deformed material becomes smaller than the sub-surface after grinding passes. This causes tensile
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stresses near the surface. To maintain mechanical equilibrium, residual compressive
stresses are formed in sub-surface.
In sample S25, tensile residual stress is observed throughout the measured depth
with maximum of 500 MPa. This is because sample S25 is ground using worn out
grinding wheel, which makes the plowing and rubbing are the dominant grinding
mechanism leading to increased grinding zone temperature. The measured grinding zone temperature in S25 sample is found to be 780ºC, which is above the austenization temperature. Presence of retained austenite is validated in XRD shown in
Figure 9b. This zone of retained austenite is observed as WL in Figure 5a. Transformation from ferrite to austenite leads tensile RS at the ground surface. Similar trend
of tensile residual stress for hard layer is studied by Rech and Moisan (2003). This
hard layer restricts deformation of the sub-surface. The surface does not support the
sub-surface shrinkage while cooling. Hence, the tensile residual stress is formed in
the sub-surface also for the samples with WL.
Both sample S5 and sample T1 have similar residual stress trends with variation
in only the depth of tensile residual stress on the surface. For sample T1, till 75
µm tensile residual stress is observed, whereas the bulk contains compressive residual stress of 750 MPa. This is due to the high-grinding zone temperature of 876ºC
(Madopothula et al., 2017). Hosseini et al. (2014) confirms the rise in machining
temperature increases the surface tensile residual stresses in turning of AISI 52100
steels.

Peak power analysis

The power consumed in grinding, P was obtained during the grinding process
(in-process measurement) using Hall-effect sensor. Figure 11 shows a representative

Figure . Raw power signal from the power sensor while grinding S with sol–gel grinding wheel.
Conditions: cutting speed:  m s− , feed rate: . m min− , depth of cut:  µm.
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Figure . Variations of peak power with number of passes while grinding with sol–gel wheel.
Conditions- cutting speed:  m s− , feed rate: . m min− , depth of cut:  µm.

graph of such power obtained in grinding a sample using SG wheel. The grinding
power, Pg was derived from the measured power, P using the relation:
Pg = P − Pi

(1)

where Pi is the idle power, which is obtained by running the grinding machine
with no load (no interaction with the sample). The peak power corresponding to
each grinding pass was derived from Pg and is plotted against the number of passes
(Figures 12 and 13). Power consumed by the grinding process (Pg ) accounts for all
the variables of the grinding process such as wheel type, wheel wear condition, process parameters, etc.

Figure . Variations of peak power with number of passes while grinding with white alumina wheel.
Conditions-cutting speed:  m s− , feed rate: . m min− , Depth of cut:  µm.
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Figure 12 shows the variation in peak power with grinding passes when grinding using a SG wheel. In material ground using SG wheel, the peak power shows a
gradual increase in case of continuous grinding (T1). However, in discrete grinding, there is a sudden increase in power after sample S15 and this power rise keeps
increasing with further passes and reaches a maximum of 2.2 KW at sample S25.
In grinding of SG grinding wheel, continuous grinding consumes less power compared to the discrete grinding. This is attributed to the thermal softening of the sample during grinding. However, under discrete grinding, for first few passes, in each
sample more power was consumed, which may be due to the spindle spring back
effect.
The wear flats generated in grinding using SG wheel (Figure 6b) increase the
plowing and sliding action of the grains, decreasing the shearing mechanism. Hence,
more power is consumed (Figure 12) in grinding, with a large amount of energy
dissipating in the form of heat. It is also evident from (Figure 6b) that the wear flat
generation is the source for the formation of WL. Therefore, the power-rise and the
WL formation can be correlated with each other. Since power rise is the immediate
impact of the wear flat generation, and WL formed is an effect of it, the power rise
is found to be a good tool in predicting the WL formation.
In-order to validate the predictive ability of grinding power on WL prediction, the
power analysis is also done on the grinding process using the WA wheel. Figure 13
shows the variation in peak power when grinding using a WA wheel. The rise in the
peak power is gradual in all grinding conditions in samples ground using WA wheel.
No sudden increase in peak power is observed in the case of the discrete grinding
with WA wheels. Variation in power within a single grinding pass is observed when
grinding using a WA wheel. This is due to the self-sharpening effect of grits. The
spindle spring-back effect is found to be less when compared with grinding using
SG grains. Continuous grinding with WA grains consumes same power as that in
discrete grinding.
The WA grains have the tendency of self-sharpening, and hence the shearing mechanism dominates throughout grinding. Therefore, there is no WL formation and no power rise associated with it (Figure 13). Thus, power rise is
found to be a good indicator of WL formation. Since the WL affects the surface integrity, monitoring the power variation and taking precautionary action
leads to better surface integrity. One such possible solution in overcoming the
WL formation is by dressing the wheel whenever the power rises beyond a critical limit determined experimentally. By doing this, unwanted dressing can also
be prevented, and the wheel can be used effectively with minimal loss from
dressing.
Figure 14 indicates the variations in the peak power and the WL thickness under
various sample conditions. Sample S5 and S10 are in stable power region and no WL
formation is observed in these samples. While grinding S15 sample, a power rise of
100 watts is observed. This sample has a thin and discontinuous WL. As the grinding passes progress with the same grinding wheel (without dressing in between for
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Figure . Variation of WL thickness and peak power with sample conditions.

discrete grinding with SG grinding wheel), the grinding power increases (Figure 12)
due to worn out abrasive grains changing the dominant grinding mechanism. The
WL thickness also grows up from sample S15 and for sample S25 with the power
rise reaching a maximum of 1,100 watts with WL thickness of 62 µm (Figure 5a).

Conclusions
In the present work, hardened AISI 52100 steel is subjected to grinding using two
different types of grinding wheels and the major result outcomes are summarized
below:
r Grinding with sol–gel wheel leads to WL formation on surface, which is due
to the generation of wear flats during the process and no WL is formed while
grinding with friable white alumina grains because of the self-sharpening effect
of the white alumina grinding wheel.
r Generation of wear flats in grinding using sol–gel wheels leads to transformation of dominant wear mechanism from shearing to plowing and sliding, which
gives rise to sudden increase in the grinding power.
r The self-sharpening ability of white alumina grits helps in maintaining the
dominant mechanism to be shear throughout the grinding process, and hence
no sudden power rise is observed while grinding using white alumina wheel.
r Power measurement is found to be an efficient diagnostic tool in predicting the
WL formation and its predictive ability is also validated.
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Nomenclature
vw
vs
a
P
Pi
Pg
WA
SG
EDM
CCD

feed rate (m/min)
cutting speed (m/s)
depth of cut (µm)
measured power (Watts)
idle power which is obtained by running the grinding machine with no load (Watts)
grinding power (Watts)
grinding wheel with 100% fused alumina abrasive grains (WA60J8VS3)
grinding wheel with 30% sol–gel and 70% fused abrasive grains (SG60–30 J8 VS3)
Electrical discharge machining
charge coupled device
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