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Abstract
Chip morphology has been utilized as a potential source to predict the performance of the grinding
process. This paper focuses on the effect of input parameters on chip type and chip size (chip length,
chip width, and chip surface area) to get suitable chips that may be used as an indication of desired
response values. As grinding chips are small in size, scanning electron microscope (SEM) images of
different magni�cations were captured for an enlarged view of the chips. SEM images were then
calibrated and their length, width, and surface area were measured using image pro software. The
measurements showed that when the spindle speed and infeed rise, chip sizes increase as well. Besides,
the application of cutting �uids through minimum quantity lubrication (MQL) produced smaller chips and
lower temperatures than that's of the traditional �ood cooling approach. It was also observed that chip
sizes rise as grinding temperature increases. Aspect ratios of chips were calculated to quantify the range
of aspect ratios for different chip types. Finally, it was found that 1500 r.p.m. spindle speed, 10 µm infeed,
and MQL environment produced the smallest chip as well as the lowest temperature value. 

1. Introduction
The identical physical features and widespread application of advanced composite materials have
sparked a substantial surge in interest in recent years [1]. In particular, Metal Matrix Composites (MMCs)
possess excellent mechanical properties such as high speci�c strength and wear resistance [2]. Silicon
carbide and alumina are the most often used reinforcements for metal matrix composites whereas the
matrix phase is frequently composed of aluminum, titanium, and magnesium alloys [3]. Up to 20%
greater yield strength, a lesser coe�cient of thermal expansion, greater wear resistance, and a higher
modulus of elasticity may be achieved by reinforcing aluminum MMCs with silicon carbide (SiC)
particles, compared to their nonreinforced matrix alloy materials [4]. Even though MMCs can be made
using near-net shape manufacture, further machining processes may be necessary to obtain required
dimensional tolerances and high quality surface �nish. The machinability of MMCs, on the other hand, is
low. Several machining processes lead to the fracture, splintering, and extraction of reinforcing objects.
Damage to the subsurface can be caused by both conventional and unconventional machining
processes such as drilling and milling, electrical discharge machining, and laser machining. In order to
get a smooth surface �nish and damage-free surfaces when using these materials, grinding is very
crucial [5]. One of the most e�cient methods of precision machining for hard-to-cut advanced materials
is high-speed grinding using superabrasive wheels such as CBN or diamond [6]. Grinding is traditionally
used as a �nishing operation where material removal takes place with a large number of randomly
oriented and irregularly shaped abrasive particles, with mostly negative rake angles, retained by a
bonding material on the circumference of a grinding wheel [7], [8]. It is capable of obtaining high
dimensional accuracy and surface �nish by removing a small amount of material [9].

Grinding produces relatively tiny chips. Due to the random orientation of the cutting edges on the grinding
wheel, the size of the chips produced during grinding might vary signi�cantly [10]. According to Jawahir
and van Luttervelt [11], variations in input parameters and cutting tool geometry will result in variations in
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chip formation. Unfortunately, chip control receives far less importance generally. However, chip
formation is particularly important in machining, because tiny variations in the chip formation process
can cause di�culties with surface quality, workpiece accuracy, and tool life. Moreover, worker injuries,
poor surface �nish, and damage to the tool, work, and machine equipment all are possible consequences
of inconvenient chip formation leading to extra costs because of downtime, scrap generation, and delay
in production time [11]. To solve these problems, better chip control, having sound knowledge on chip
formation as well as the relation of input and output parameters with chip morphologies are required. Lu
et al. [12] concluded that chip morphology can be used to determine whether the grinding operation is
thermally out of control or not. Tawakoli et al. [13] and Dewhurst [14] related chip normal force and chip
curvature with contact area in separate works. When the contact area between the cutting edge and the
chip increases, the normal force working on the rake face of the cutting edge increases and chip
curvature decreases [13]. Besides, lowered friction reduced chip curvature but increased forces, chip
thickness, and contact length [14]. Shaw [15] claimed that grain cutting force is proportional to the cross-
section area of grinding chips. Tso [16] divided grinding chip types into six types. He stated that the
effects of chip types on responses such as surface roughness, grinding force, and wheel wear are very
crucial. It was observed that lowest grinding force, lowest wheel wear, and greater surface roughness of
work material are associated with �owing chips. He also suggested that chip type may be used as an
indication for grinding wheel dressing and truing. Setti et al. [17] observed a relation between chip
morphology and input parameter (grinding environment). They found that shorter chips were produced
with nano�uid based MQL environment than dry and wet grinding. A quantitative chip formation model
was developed by Rasim et al. [7] in terms of apex angle, wedge angle, cutting speed, and status of
lubrication. When the opening angle is narrow, the rake angle has the greatest in�uence on chip removal.
The direct in�uence of the opening angle, on the other hand, is the least. It was also found that the grain
shape in both the longitudinal and transversal directions has a major impact on chip formation in
grinding. In another study, Xie and Williams [18] stated that higher plastic material deformation occurs as
the negative rake angle increases.

Based on the literature discussed above, it can be claimed that chip morphology can be used to predict
responses. But, to get desired chip morphology, the input parameters have to be speci�ed. However, the
effect of input parameters (spindle speed, infeed, and cooling environment) on chip size (chip length, chip
width, and chip surface area) is not yet established, according to the best of the author’s knowledge.
Hence, this paper focuses to �nd out these relations by performing surface grinding operation of SiC
reinforced Al-based Metal Matrix Composite (Al/SiC-MMC) on a horizontal spindle surface grinder using a
cubic boron nitride (CBN) grinding wheel.

2. Grinding Chips
Grinding chips are of six types: Shear, �ow, rip, knife, slice, and melt. The slice type is large enough that it
is visible upon scrutiny. When the grinding wheel goes through heavy loading, slice type chips occur [16].
Wheel loading is the deposition of chips in the gap between the grains of a grinding wheel. It is
responsible for shortening tool life, greater cutting force, the greater amount of power requirement, etc.
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[19]. When a wheel becomes loaded, it causes increased cutting force. If the grinding force exceeds the
bonding strength of the grinding wheel, the loaded chip then falls off, creating a slice type chip [16].

The knife-type chip arises before the slice-type chip when the wheel is under slight loading, according to
experimental observation. With its smaller loading area and superior workpiece surface, it is easier to �nd
knife-type chips in places where the slice-type chips are found [16]. Ripping type chip occurs when the
wheel is under heavy attritious wear with low loading situation. Because of the high grinding temperature
caused by severe attritious wear, the workpiece surface seems a bit burnt under the microscope, with
some chips sticking to it [16].

Shearing type chip is comparatively greater in both length and straightness than slice, knife, and ripping
chips. This chip is produced when there is less attritious wear on the grinding wheel. As a result of
reduced attritious wear, the cutting edge of the grinding wheel remains sharper, and the workpiece surface
is better. Furthermore, when the grinding wheel's attritious wear increases, the length of the shearing type
chip reduces. Flowing-type chips are common in the grinding process when the Aluminum oxide (WA),
silicon carbide (GC), or cubic boron nitride (CBN) wheels have just �nished truing and dressing. For this
chip type, the cutting edge of the grinding wheel is the sharpest among the other chip kinds. However, in
the situation of either incorrect grinding settings or no grinding �uid, an entirely distinct chip type, namely
the melting type, arises. Because a high quantity of grinding heat is created and passed into the chips, the
chips are melted separately [16].

The dullness of the grinding wheel allows for a variety of chips to form throughout the grinding process.
As a result, the kind of chips obtained may be taken as an indication that the wheel becomes dull enough
that it requires to be dressed for further usage. Hence, chip type may be used as a criterion for grinding
wheel dressing and truing [16].

3. Chip Formation In Grinding
Chip formation mechanisms are essential concerns to regulate the wheel performance or surface
roughness of the work as well as optimization of input parameters [6], [10]. But understanding the chip
formation mechanism by running experimental observations is very challenging due to the interactions
between several abrasive grains and the workpiece material simultaneously. Researchers have recently
attempted to investigate chip formation mechanisms considering single-grain grinding wheels. It has
been found that the mechanical characteristics of the workpiece material such as ductility, hardness, and
yield strength largely determine the chip formation behavior [6], [16]. Because of the combined effect of
strain hardening, strain-rate hardening, and thermal softening, both grinding speed and undeformed chip
thickness have a signi�cant impact on chip formation [20]–[22]. The grains act as the cutting tools in a
grinding wheel, and their shape and orientation determine how much material is to be removed. Both the
shapes and the orientations of the grains are randomly distributed which alter with wear. The quantity of
material removal by individual grains determines the grinding forces and grinding wheel wear. Sharp
grains outperform dull, worn grains by a wide margin [23].
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Chip formation in grinding can be explained through the modi�ed slip-line �eld method. This approach is
bene�cial since it takes into account the effects of friction and plastic deformation on chip creation.
According to this model, metal removal in grinding is a three-step process; rubbing, ploughing, and
cutting, consecutively, as shown in Fig. 2. At the beginning of the �rst stage, grain contacts the work
surface but only rubbing friction occurs between them. As a result, the initial step consists entirely of
elastic deformation of the workpiece. Energy is consumed without any material removal and this energy
is converted into heat that heats the work, thereby decreasing the yield stress of the material [25], [26].

The normal force, tangential force, and frictional force rise progressively while the grain traverses the
surface. The cutting edge penetrates the work when the normal stress surpasses the metal's yield stress.
During the ploughing phase, work surfaces are distorted but no material is removed since the grain does
not penetrate far enough into the work to produce cutting. A "dead zone" has been created between the
cutting edge and the workpiece during the ploughing stage where no plastic �ow takes place. This is
because the grain shape is considered to be spherical in this model. Therefore, there remains no gap
between the work and the grain to ensure the �ow of materials but upwards and to the sides. The
contacting region in front of the edge will compress the material, creating a distorted surface due to
additional material �ow. Hence, this stage creates a depression on the work surface as well as piled-up
surfaces in front and alongside the depression [26], [27].

A shift from ploughing to chip generation happens if the deformed surface ahead of the cutting edge is
piled up to such a level that it comes in the way of the cutting edge. The cutting edge's penetration into
the plastic zone leads to an increase in stress until the workpiece material's maximum shear strain energy
is attained. The borderlines of the dead zone, known as slip lines, show discontinuities in tangential
velocity. In actuality, it is predicted that plastic deformation will occur along these lines. Because the
maximum shear stress lines are identical to the slip lines for isotopic materials, a narrow zone of metal
deformation must develop at these lines, leading to local hardening. Thus, these lines denote places of
intense plastic deformation [26].

Because it dictates the geometry of the primary deformation, the shear angle has a signi�cant impact on
anticipating the machining process. Although Ernst and Merchant model is built on the assumption that
the direction of shear corresponds with the direction of highest shearing stress, the shear angle solution
from the model has been frequently employed in the past. The Ernst and Merchant model is expressed as
follows [28]:

ϕ =
π
4 −

1
2(β − α) = tan −1 rcosα

1−rsinα  (1)

where β is friction angle, r is chip thickness ratio, and α is rake angle. Chip thickness ratio can be
calculated from the equations below:

r =
t1

t2
=

sinϕ
cos ( ϕ −α ) =

l2
l1

 (2)

( )
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where t1 = chip thickness before cutting

t2  = chip thickness after cutting

l1 = chip length before cutting

l2 = chip length after cutting

t2  is hard to measure due to the surface roughness of the outer chip surface. Hence, r can be calculated
from the l1 and l2 values [29]. Shear angles φ1, φ2, φ3 are depicted for �ow, shear, and knife chips
accordingly in Fig. 3 where φ3 < φ2 < φ1. Based on the cutting circumstances, the shear angle has a broad
range of possible values [29]. The range of shear angles considered by kocaefe [30] was between 10°to
40°.  When the shear angle increases, the shear area decreases as well as cutting force [31].

When the shear angle is small, shearing action deforms and piles up the material in front of the grain,
which is more relevant to high compressive stress, resulting in the creation of a shear chip. There are
several markings on the chip surface because the material stacked up at the front of the grain partly
�ows under the cutting edge. This type of chip has a high speci�c grinding force and raises the
temperature of the grinding process [10].

Flow chip formation uses a similar process to shear chip creation. However, the shear angle is greater in
�ow chip formation. The primary shear zone in a �ow chip is lowered and the shear angle is big. As a
result, the residual stress is negligible, and the vast majority of the energy expended ends up in the chips
rather than the �nished product. A modest strain is used to remove the substance as well, resulting in
slidable contact. These chips are smoother than the shear type of chips [10].

The presence of fracture micro �aws in the work is the most common cause of knife chips formation.
When a signi�cant depth of cut was used, this type of chip was produced. The primary deformation zone
experiences an increase in compressive stress as a result of this occurrence, which leads to compressive
residual stresses on the machined surfaces. The subsequent passing grain causes fracture micro �aws
below the surface because of the high compressive residual stress. This is the reason behind the knife
chip fracture formation [10].

4. Experimental Details
A horizontal spindle surface grinder (2.8 kw, Model: M7120A) equipped with a vitri�ed bonded CBN
grinding wheel with 226 mm outer diameter and 25 mm width was used to perform surface grinding in
this study. SiC reinforced aluminum-based metal matrix composite with dimensions of 160 mm length,
115 mm width, and 80 mm thickness was employed as a workpiece. Workpiece constituents with volume
percentage values are listed in Table 1. In the present study, the grinding operation was carried out by
varying the spindle speed, infeed, and mode of cutting �uid application. Traditional �ood cooling method
and minimum quantity lubrication (MQL) were adopted during the experiment as cutting �uid application
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systems. The speed of the grinding table was kept unchanged during the whole experiment. During �ood
cooling, water soluble oil (Aquatex 3180) was applied as a coolant by making 10% dilution. This �uid
was applied using the nozzle integrated with the surface grinder machine. MQL approach requires a
mixing chamber for combining compressed air with grinding �uid. This mixture then enters the nozzle
and exits through a 0.5 mm nozzle outlet. ZnO nano�uids were chosen to be applied as grinding �uid
through the MQL system since these possess many advantages. Several studies have shown that ZnO
nanoparticle possesses antibacterial, antimicrobial, deodorizing, and non-toxic characteristics. It also
retains lubricity at high temperatures, making it a good choice for high-temperature applications like
grinding [32]. Zinc Oxide nano�uid was prepared by mixing with deionized water by ensuring uniform
dispersion and proper stability of ZnO in the water to enhance the cooling property of nano-�uid. Mixing
nanoparticles with base �uid is di�cult due to the high sedimentation and agglomeration of
nanoparticles. As a result, the mixing was accomplished in two phases. ZnO was �rst put into deionized
water. The nanoparticles were then mixed with the water using 'Magnetic stirring' for half an hour at 700
r.p.m., followed by 30 minutes of Ultrasonication bath using a 2510 BRANSON ultra-sonicator operating
at 20–25 kHz frequency with 150 W of output power to disperse the nanoparticles uniformly and prevent
�uid agglomeration. Nano�uids containing three distinct volumes of ZnO nanoparticles (0.01, 0.1, and
0.5 vol.%) were produced. Nano�uids were subsequently held for around 24 hours in clear glassy
containers in a completely stagnant state to evaluate their stability. Visual observation of nano�uids after
24 hours revealed their stability. In terms of stability, a 0.5% volume concentration of ZnO produced better
results. As a result, a concentration of 0.5% ZnO was chosen for this study to produce nano�uids.

Table 1
Workpiece composition

Material Volume percentage

Al 84.7

Si 8.22

Cu 1.97

Fe 0.42

Others 4.69

There is a magnetic chuck on the grinding machine table to hold the workpiece if the workpiece is made
of magnetic material such as iron or steel by exerting a magnetic force on it. Since the workpiece here is
Al/SiC-MMC, it could not be held by the magnetic chuck. Instead, it was held in a vise made of iron
material and thereby the vise was held by the magnetic chuck as shown in Fig. 4. Experimental runs were
designed and performed based on the full factorial design of experiment. The wheel was dressed properly
before experimental runs for different cooling environments (�ood cooling or MQL). Grinding zone
temperature was measured using an iron-constantan single pole embedded thermocouple. All grinding
runs for all environments were conducted in the up grinding mode. Table 2 lists the summarized
conditions for experimental runs along with input parameters (adapted from [33]).
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Table 2
Experimental conditions

Grinding mode Horizontal spindle with reciprocating worktable surface grinding

Machine tool Horizontal Spindle Surface Grinder (2.8 kw, Model: M7120A)

Grinding wheel Vitri�ed CBN

Spindle speed 1500, 3000 rpm

Work speed 6 m/min

Infeed 10, 25, and 40 µm

Cooling-lubrication conditions Conventional �ood cooling, MQL

Conventional cutting �uid Water soluble cutting oil

MQL cutting �uid Eco-friendly ZnO nanoparticle dispersed deionized water

Water �ow in MQL 15 ml/min

Air pressure in MQL 8 bar

Workpiece material SiC reinforced Al-based Metal Matrix Composite

Nozzle angle 10 to the horizontal

Nozzle position 30 mm from the wheel

Dresser Diamond wheel dresser

Dressing depth 1 mm

Dressing speed 1500 rpm

Chips were collected from all of the 12 experimental runs with different spindle speed, infeed, and
environment (�ood cooling or MQL) combinations. Chips obtained from 10 of these experimental runs
were chosen for scanning electron microscope (SEM) observations. SEM pictures (see Fig. 5) were
observed for determining the type of chips produced at the corresponding experimental run and listed in
Table 3. These images were further analyzed using image pro software to measure chip surface area,
chip length, and chip width. Each of the images was calibrated in micrometer (µm) unit before taking
measurements. Chip aspect ratio (chip length to width ratio) is calculated manually from the chip length
and chip width values. A sample image is given in Fig. 6 that shows the chip measurement with image
pro software.

5. Experimental Results

5.1 Chip type
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The bulk of chips in �ood cooling are slice type, as can be seen in Table 3. When it comes to the MQL
environment, knife chips are the most common. Slice chips dominate at higher spindle speed and higher
infeed values for all environments. No ripping and melting type chips were observed in any of the trial run
for both environments.

Table 3
Chip types for different input parameters.

Serial Spindle speed Infeed Environment Chip type

1 1500 10 Flood Knife, Slice

2 1500 40 Flood Flowing, Slice

3 1500 10 MQL Knife

4 1500 40 MQL Knife, Shearing

5 3000 10 Flood Slice

6 3000 25 Flood Slice

7 3000 40 Flood Slice

8 3000 10 MQL Knife

9 3000 25 MQL Flowing, Shearing

10 3000 40 MQL Slice

5.2 Chip size
Increased grinding infeed resulted in a signi�cant increase in chip length, as shown in Fig. 7 (a). In the
case of �ood cooling, this increase was 107% and 28.98%, respectively, at spindle speeds of 1500 and
3000 rpm, compared to 3.29% and 23.23% for MQL. In addition, higher spindle speed lead to a longer chip
length, which was 16.47% and 38.95% for MQL, at 10 and 40 µm infeed, respectively, compared to
121.5% and 37.8% in the �ood cooling method. In comparison to the MQL technique, the �ood cooling
method resulted in a longer chip length. During 1500 r.p.m. spindle speed, this increase was 6.63% and
114.12%, respectively, at 10 and 40 µm infeed, however at 3000 rpm spindle speed, it was 102.82% and
112.295% respectively. Similar results were reported by setti et al. [17]. They observed that the nano�uid-
based MQL environment produced shorter chips in length than dry and wet grinding.

Table 4 Chip measurement values for different input parameters 
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Serial Spindle
speed

Infeed Environment Chip
type

Chip
length
(µm)

Chip
width
(µm)

Aspect
ratio

Chip
surface
area (µm2)

1 1500 10 Flood Slice 453 314 1.44 192268

2 1500 40 Flood Slice 940 622 1.51 400075

3 1500 10 MQL Knife 425 228 1.86 53057

4 1500 40 MQL Knife 439 349 1.26 95238

5 3000 10 Flood Slice 1004 732 1.37 483966

6 3000 40 Flood Slice 1295 735 1.76 540146

7 3000 10 MQL Knife 495 228 2.17 74919

8 3000 40 MQL Slice 610 504 1.21 187317

Chip width increased as a result of increased grinding infeed, according to Fig. 7 (b). At 1500 and 3000
rpm, �ood cooling resulted in a 97.81% and 0.41% increase, respectively whereas MQL resulted in a
53.07% and 121.05% increase, respectively. Higher spindle speeds resulted in larger chip widths in most
situations, with 0% and 44.41% for MQL cooling and 132.59 and 18.06 percent for �ood cooling,
respectively, at 10 and 40 µm infeed. Flood cooling was found to produce greater chip width than MQL. At
3000 rpm spindle speed, the �ood cooling approach produced 221.05% and 45.8% greater chip width
compared to the MQL technique at 10 and 40 µm infeed, respectively while the increase was 38.03% and
78.38% at 1500 r.p.m. spindle speed.

As shown in Fig. 7 (c), the chip surface area rose as a result of increased grinding infeed. Flood cooling
resulted in a 108.08% and 11.61% increase at 1500 and 3000 rpm, respectively, whereas MQL resulted in
a 79.5% and 150% increase. Higher spindle speeds resulted in a larger chip surface area, with 41.2% and
96.68% rise for MQL and 151.71% and 35.01% increase for �ood cooling, respectively, at 10 and 40 µm
infeed. The surface area generated by MQL was less than that produced by �ood cooling. At 3000 rpm
spindle speed, the �ood cooling approach increased the surface area by 545.9% and 188.34%,
respectively, as compared to the MQL technique at 10 and 40 µm infeed. Similarly, at 1500 rpm, �ood
cooling created a surface area that is 262.38% and 320.08% larger than MQL.

Chip aspect ratios (chip length to width ratio) were calculated from the chip length and chip width values
that were previously measured from SEM images (see Fig. 8). For the shearing type of chips, the aspect
ratio was between 2 to 4.1. As discussed before, shearing type chip has greater length and straightness
than slice, knife, and ripping chips. Hence, it produced higher aspect ratio values. Despite having a curly
structure unlike shear type chips, �ow chips are similar to shear chips in terms of higher length to width
ratios. In the case of Flow chips, aspect ratio values encompassed between 2 and 3. Slice and knife type
chips are bigger in size and showed comparatively lower aspect ratio values than shear and �ow chips.
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For slice chips, the highest and lowest aspect ratio values were 1.83 and 1.21, respectively whereas these
values were 2.17 and 1.18 respectively for knife chips.

5.3 Grinding zone temperature
Grinding zone temperatures for every experimental run were recorded and then analyzed using Minitab
software. Figure 9 illustrated the main effects plot for temperature showing individual effects of spindle
speed, infeed, and cooling environment on grinding zone temperature. Lower temperatures were
generated with lower values of spindle speed (1500 r.p.m.) and infeed (10 µm), as shown in Fig. 9. When
spindle speed increased, grinding zone temperature also increased, although the rate of increase was low.
On the other hand, the temperature rose with the rose of grinding infeed. It rose sharply at the beginning
but the rate of rising fell at the latter portion. Besides, the MQL approach produced a much lower
temperature than the �ood cooling method. Therefore, it can be stated that 1500 rpm spindle speed, 10
µm infeed, and MQL environment generated the lowest grinding zone temperature in this study.

6. Discussion
Li et al. [10] stated that the normal force on grain rake face increased with increasing chip contact area
when it was ground. Also, the cutting force was found to be proportional to the surface area of the chip in
grinding [10]. Besides, Surface roughness increased when more material was removed from bigger chip
volumes [23]. When spindle speed and/or infeed increased, grinding zone temperature also increased in
the present study. Besides, the MQL approach reduced the temperature generation signi�cantly than �ood
cooling. High temperature generation in grinding results in wheel clogging, thermal damages of the
workpiece, and poor grindability [34]. On the other hand, chip surface area increased as spindle speed
and/or infeed increased (section 5.2 ). 1500 r.p.m spindle speed of the grinding wheel, 10 µm infeed, and
MQL cooling method produced the smallest surface area of chips, chip length, chip width, and grinding
zone temperature. Hence, obtaining chips having smaller surface area is desirable in terms of grinding
zone temperature and cutting force. Hence, the optimum input parameter of this study were 1500 r.p.m.
spindle speed, infeed 10 µm, and environment MQL.

But soft aluminum alloys have poor grindability due to chip adherence, thereby clogging the wheel in dry
grinding, as shown in Fig. 10. Grinding aluminum alloy-based MMCs is di�cult as a result of this [35].
Wheel clogging makes it dull. Hence, during grinding the work, the only cutting operations occurring
would be plowing and rubbing. Clogging increases cutting force, energy, and heat input to the workpiece
[36]. Periodic dressing is required to avoid the aforementioned issues, which makes the grinding
operation quite time consuming [1]. In this case, cutting �uids can be employed to perform grinding
e�ciently. Cutting �uids are employed for reducing friction, washing away chips, removing heat from the
process, improving part surface �nish & dimensional accuracy, and reducing the temperature of the work
[25]. For applying cutting �uids, the �ood cooling method is used as a traditional approach. But, �ood
cooling has been found ineffective in reaching the grinding zone. Only 4 to 30% of applied �uid could
reach the grinding area because of an air barrier [37]. Also, the inherent high cost of disposal or recycling
of the grinding �uid in �ood cooling has become a major concern since environmental regulations get



Page 12/27

stricter worldwide [38]. Promising results in terms of Minimum Quantity Lubrication (MQL) grinding were
reported by many researchers with lower forces, decreased wheel wear, and improved surface roughness
in comparison with conventional �ood cooling [39], [40]. Setti et al. [17] showed a reduction of friction
coe�cient with MQL grinding than dry and wet grinding because of improved penetration of cutting �uids
into the grinding zone. The current study adopted �ood cooling and MQL as grinding �uid application
system but could not perform dry grinding due to rapid clogging of the CBN wheel while grinding Al/SiC-
MMC.

6.1 Chip type
With the rising temperature, the thermal conductivity of most cutting tool materials rises. Only a few
materials, such as aluminum oxide or silicon nitride, act in the other direction, i.e., their thermal
conductivity decreases as temperature rises. The contact length of the chip and cutting tool depends on
the thermal conductivity of the cutting tool material. A grinding wheel with low thermal conductivity
produces short contact length and small chips. On the other hand, a high thermal conductive wheel
produces greater contact length and large chips [11]. CBN grinding wheels have high thermal conductivity
[41]. This might be the reason that chips produced in this study are mostly slice and knife chips having
higher surface area than other types of chips.

6.2 Chip size
The lower side of the chip comes into direct contact with the grinding wheel and becomes extremely hot.
Besides, the e�cient cooling action of the MQL approach decreased the temperature of the upper side of
the chip. Because of the temperature difference in the lower and upper surfaces of the chip, it acted as a
thermal bi-metallic spring. Thermal stresses would develop if the lower side temperature is higher than
the upper side temperature, causing the chip to curl to a smaller radius, as illustrated in Fig. 11 (a) [11].
Therefore, the chip broke into relatively short fragments because of intense curving and hitting [17]. Wet
grinding is ineffective in cooling the workpiece and thus is considered ineffective [42]. The creation of
bigger chips would occur if there is no signi�cant temperature difference between the surfaces, as drawn
in Fig. 11 (b) [11]. This is why, when compared to wet grinding, MQL created smaller chips.

Lu [12] et al. claimed that spherical chips occur as a result of temperature-conduced occurrence while
grinding various steels, titanium, and copper with aluminum oxide, CBN, and diamond wheels. The
creation of spherical chips indicates elevated interface temperature and their presence in large numbers
implies that the grinding process is out of control thermally. It had been observed that the use of coolant
through wet grinding reduced the average temperature of the interface, thereby reducing the number of
spherical chips generated compared to dry grinding. Finally, they concluded that the percentage of
spherical chips generated might be taken as an indication to predict interface temperature. Similarly,
temperature creates a major role in the current study in predicting the comparative size of the generated
chips. As the temperature increases with increasing spindle speed and infeed, chip dimensions (length,
width, and surface area) also rise. It needs to mention that no spherical chips were observed while
grinding Al/SiC-MMC with CBN grinding wheel.
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6.3 Grinding zone temperature
The grinding process can be classi�ed into two categories according to the importance given on surface
quality; stock removal grinding (SRG) and form & �nish grinding (FFG). When grinding is performed
without considering the surface quality, this is called SRG. On the other hand, the form and �nish of the
work are key concerns in FFG. FFG possesses a relatively higher grinding ratio and speci�c energy than
SRG. Besides, periodic dressing is essential for FFG [15]. However, FFG was performed in the present
study to ensure a high quality surface �nish of the work. Shaw [15] found that surface temperature in
FFG increases with the increase of V0.5 and d0.5 where V is wheel speed and d is the depth of cut. A
mathematical model of work surface temperature was presented in Groover [25]. The surface temperature
model shows that

Ts = K2d0.75
rgCv
vw

0.5
D0.25

where K2 is a constant of proportionality, d is infeed, v is wheel speed, rg is the grain aspect ratio, C is grits
per area of the wheel, D is wheel diameter, and vw is work speed. Rowe et al. [27], Outwater and Shaw [43],
and Kocaefe [30] also showed the increase of temperature with the increase of grinding infeed. This is
because greater speci�c energy is associated with deeper infeeds [30]. An increase of work surface
temperature with the increase of cutting speed was shown in shaw [15] and Li and Liang [44]. The reason
for this is that at lower cutting speeds, lubrication is more effective. [44]. Therefore, friction increased
relatively at higher cutting speeds, thereby increasing the temperature. The present study also found the
increase of grinding zone temperature with spindle speed and/or infeed.

The heat transfer rate of material by conduction through a unit area is known as the thermal conductivity
of the material [45]. Thermal conductivity is a parameter that indicates a material's ability to conduct heat
[32]. Al-SiC MMC possesses high thermal conductivity, usually between 200–220 W/m K [46]. Such a
high thermally conductive material generated more than 2000C temperature during wet grinding. Hence,
the �ood cooling method is ineffective in this case since only 4 to 30% of the applied �uid can reach the
grinding zone, as previously discussed. MQL was found to have a signi�cant impact on grinding
temperature by balan et al. [47]. Besides, MQL with water provided better cooling capacity than MQL
without water [48]. Moreover, the application of nano-�uids with MQL provided superior tribological and
thermo-physical properties [49]. Because of the large surface to volume ratio of the nanoparticles, they
are combined with a suitable base �uid to improve the thermal conductivity of the base �uid [50]. The
addition of ZnO nanoparticles improved the thermal conductivity of the deionized water [32] and for
spherical nanoparticles, the higher the volume concentrations, the higher the thermal conductivity of the
resulting nano�uids [51]. This improved thermal conductivity bene�ts the machining operations by
swiftly dissipating the heat generated in the machining zone [50].

( )
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Dynamic viscosity is a measure of a �uid's resistance to �ow. Sinha et al. [32] observed that the solution's
dynamic viscosity increased with the increase of the concentration of nanoparticles (NPs). The reason
might be that the higher concentration of NPs caused more agitation. The other straightforward
alternative is that this resulted in a rise in the solution's density, which ultimately resulted in a rise in
viscosity. The addition of ZnO NPs increased the viscosity of the base �uid (deionized water) about four
times. The increased viscosity may aid in lubricating the tool-work interface at the time of grinding [32].
Furthermore, ZnO nano�uids retain a stable lubricious �lm showing outstanding tribological properties
even at higher temperatures [52]. The increased cooling and lubricating properties of ZnO NPs suspended
in deionized water along with the effective MQL method aided in the dramatic reduction of the grinding
zone temperature from average 2064 C to 69 C.

7. Conclusion
This paper investigates the impact of three input parameters on chip size, chip type, and grinding
temperature in grinding SiC reinforced Al-based metal matrix composite with CBN grinding wheel. The
�ndings of this investigation can be summarized as follows:

1. Chip size (chip length, chip width, and chip surface area) increased with increasing spindle speed
and/or infeed for both the �ood cooling and MQL environment while keeping the work speed
unchanged.

2. When cutting �uid was applied through the nano�uid-based minimum quantity lubrication (MQL)
technique, comparatively smaller chips were produced in terms of chip size (chip length, chip width,
and surface area) than that of wet grinding using water-soluble cutting oil.

3. The temperature of the grinding zone increased as the spindle speed and/or infeed increased for
both the �ood cooling and MQL environment while keeping the work speed unchanged. MQL
produced around 30 times lower temperatures than �ood cooling.

4. When the grinding temperature increased, Chip sizes also increased. Therefore, obtaining small chip
sizes is desirable in terms of grinding temperature. Here, 1500 rpm spindle speed, 10 µm infeed, and
MQL environment produced the smallest chip size and grinding temperature.

5. Knife chips were the most common in the MQL environment. For both the �ood cooling and MQL
environment, slice chips dominated at greater spindle speeds and higher infeed values.

�. The range of aspect ratios shown by shearing and �owing type chips were close to each other, 2-4.1
and 2–3, respectively. Similarly, knife and slice chips exhibited close aspect ratio limits, 1.18–2.17
and 1.21–1.83, respectively.

7. Due to signi�cant wheel clogging, dry grinding of Al/SiC-MMC with CBN grinding wheel is not
suggested. The eco-friendly ZnO nanoparticles suspended deionized water-based MQL approach
used in this study is highly recommended to be used as a cutting �uid delivery system in this
context.
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Figure 1

Material removal in up grinding [24]

Figure 2
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Material removal steps involved in grinding [27]

Figure 3

Different chip formation (a) Flowing chip formation (b) Shearing chip formation (c) Knife type chip
formation [10]
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Figure 4

Major portion of MQL set-up
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Figure 5

SEM images of the grinding chips

Figure 6

Chip size measurement using image pro software
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Figure 7

Effect of grinding infeed on (a) chip length; (b) chip width and (c) chip surface area under different
spindle speed and environment.
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Figure 8

Measurement of chip aspect ratio using chip length and width
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Figure 9

Individual effects of spindle speed, infeed, and environment on grinding zone temperature
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Figure 10

Clogging of soft Aluminum matrix on the wheel in dry grinding

Figure 11

Thermal effects on chip generation (a) small chip generation (b) large chip generation [17]


