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This research investigated the wheel wear and tribological

characteristics in wet, dry, and minimum quantity lubrication

(MQL) grinding of cast iron. Water-based Al2O3 and diamond

nanofluids were applied in the MQL grinding process and the

grinding results were compared with those of pure water. Dur-

ing the nanofluid MQL grinding, a dense and hard slurry layer

was formed on the wheel surface and could benefit the grinding

performance. Experimental results showed that G-ratio, defined

as the volume of material removed per unit volume of grind-

ing wheel wear, could be improved with high-concentration

nanofluids. Nanofluids showed the benefits of reducing grinding

forces, improving surface roughness, and preventing workpiece

burning. Compared to dry grinding, MQL grinding could sig-

nificantly reduce the grinding temperature.
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INTRODUCTION

Grinding is widely used as the finishing machining process for
components that require smooth surfaces and precise tolerances.
A large volume of grinding fluid is most commonly used to flood
the grinding zone, hoping to achieve tangible productivity targets
while often neglecting the seemingly less tangible environmental
and safety hazards. In addition, the inherent high cost of disposal
or recycling of the grinding fluid becomes another major concern,
especially as the environmental regulations get stricter. Minimiz-
ing the quantity of cutting fluid is desirable in grinding.

MQL is to supply a minute quantity of cooling lubricant
medium to the contact point or to the zone so that the applied
amount of grinding fluid can be reduced tremendously while
maintaining the cooling and lubrication effects that are lost in
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dry machining. Although MQL is widely applied in the cutting
process such as turning, milling, and drilling, MQL grinding is
still a relatively new research area. In previous research (Ba-
heti, et al. (1); Hafenbraedl and Malkin (2)), the performance
of MQL grinding using non-hazardous ester oil was evaluated rel-
ative to conventional 5% soluble oil as well as dry grinding for
straight surface grinding and internal cylindrical grinding in terms
of specific energy, surface roughness, wheel wear, and cooling.
Experimental results showed that MQL provided effective lubri-
cation but insufficient workpiece cooling with conventional abra-
sive wheels. MQL grinding has also been studied in Europe with
similar conclusions (Brinksmeier, et al. (3)) regarding workpiece
cooling.

The goal of this research is to study the wheel wear and tri-
bological phenomena in MQL grinding. The fluid is a key techni-
cal area that can enable the success of MQL grinding processes.
Nanofluids for grinding are investigated in this study. Nanoflu-
ids are engineered by dispersing nanometer-size solid particles in
traditional heat transfer fluids to change their thermal and tri-
bology properties. The effective thermal conductivity of ethylene
glycol can be improved by up to 40% through the dispersion of
0.3 vol% Cu nanoparticles (Choi, et al. (4)). Carbon nanotubes
(CNT) can yield an even larger increase in thermal conductivity
(up to a 150% increase in conductivity of oil at approximately 1
vol% CNT; Choi, et al. (5); Lockwood, et al. (6)). For convection
heat transfer, in the laminar flow regime the local heat transfer
coefficient can be increased by 47% for a water-based nanofluid
containing 1.6 vol% Al2O3 nanoparticles (Wen and Ding (7)),
while in the turbulent flow regime, the Nusselt number of the
nanofluid is increased more than 39% for the nanofluid with 2
vol% of Cu nanoparticles (Xuan and Roetzel (8); Xuan and Li
(9)). Another study of Al2O3 nanoparticles in water has shown the
temperature-dependent behavior of nanofluids (Das, et al. (10)),
which indicates that nanofluids could be particularly attractive for
applications at elevated temperatures.

In this paper, grinding of cast iron under different cooling lubri-
cation conditions including the wet (flood cooling), dry, and MQL
was studied. Water-based Al2O3 and diamond nanofluids were
applied in MQL grinding. Grinding performance was investigated
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and compared in terms of grinding force, wheel wear ratio, surface
roughness, and grinding temperature.

EXPERIMENTAL SETUP

The grinding experiments were conducted in an instrumented
Chevalier Model Smart-B818 surface grinding machine. The setup
of the grinding experiment is shown in Fig. 1. An MQL fluid de-
livery system made by AMCOL was used. In this system, a biax-
ial hose is used to independently transport liquid and air to the
point of use and then the liquid is surrounded with air (coaxial)
and propelled onto the tool or workpiece by air pulse. A vitreous
bond grey aluminum oxide grinding wheel (Saint-Gobain/Norton
32A46-HVBEP) with 508-μm average abrasive size was used. The
size of the grinding wheel is about 169 mm in diameter and 12.7
mm in width. The work material is Dura-Bar 100-70-02 ductile
iron. This material has 3.5–3.9% carbon content, 50 Rockwell C
hardness, 63 W/m·K thermal conductivity, and 1.63 × 10−7 m2/s
thermal diffusivity. The width and length of the workpiece surface
for grinding are 6.5 mm and 57.5 mm, respectively.

The surface speed of the wheel and the down feed were set to
be 30 m/s and 10 μm, respectively. The grinding was conducted by
traversing the wheel across the workpiece at 2400 mm/min table
speed in one direction. The grinding wheel was dressed at 10 μm
down feed, 500 mm/min traverse speed, and a −0.4 speed ratio
using a rotary diamond disk.

The normal and tangential grinding forces were measured us-
ing a Kistler Model 9257A piezoelectric dynamometer. The grind-
ing temperatures were measured by the embedded thermocouple
method, as seen in Fig. 1c. The temperature and grinding force
data were collected at 5 kHz sampling rate. After each grinding
pass, the workpiece was allowed to cool to the initial temperature
before the next pass was taken.

The wheel wear measurement method is the same as described
in Shih, et al. (11). The wheel is 12.7 mm wide, which is wider than
the 6.5-mm width of the part. A worn groove is generated on the
wheel surface after grinding. A hard plastic part was ground to
produce a replica of the worn grinding wheel. A Taylor Hobson
Talysurf profilometer was used to measure the depth of wheel
wear on the replica. Each G-ratio grinding test had to wear out
at least 6 μm of the wheel to ensure the accuracy of the G-ratio.
The same profilometer was used to measure the surface rough-
ness of the ground surfaces. Three measurement traces parallel
and perpendicular to the grinding direction were measured. The
average of the three arithmetic average surface roughness (Ra)
measurements along and across the grinding direction was used
to represent the roughness of a ground surface.

Four types of fluids were used in grinding tests, water-based
Cimtech 500 (Milacron, Cincinnati, OH) synthetic grinding fluid
at 5 vol% concentration, pure water, water-based Al2O3 nanoflu-
ids, and water-based diamond nanofluids. The Al2O3 nanofluids
were prepared by dispersing 40 nm Al2O3 nanoparticles (Nova-
Centrix, Austin, Texas) in the deionized water. Three volume
fractions of Al2O3 nanofluids at 1.0%, 2.5%, and 4.0% were
tested. The 4.0 vol% is already on the high side of concentra-
tion for Al2O3 nanofluids because of the noted increase in vis-

Fig. 1—Experimental setup: (a) overview of the setup, (b) MQL fluid de-
livery device, and (c) schematic drawing of grinding temperature
measurement.

cosity. Two diamond nanofluids samples are provided by Warren/
Amplex Superabrasives of Saint-Gobain. Both samples are for-
mulated to have a weight fraction of 250 carats/1000 mL, which
have an equivalent volume fraction of 1.5% diamond. One sample
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contains 200-nm carbon-coated diamonds and the other contains
100 nm non-coated mono-crystalline diamonds. For wet grind-
ing with flood cooling, Cimtech 500 synthetic grinding fluid at 5
vol% concentration was used and the flow rate was measured as
5400 mL/min. For MQL grinding, the testing flow rate was set at
5 mL/min, except in the grinding temperature test, and different
flow rates (5, 15, and 30 mL/min) were examined.

EXPERIMENTAL RESULTS

Fluid Thermal Conductivity

Before applying grinding fluid, their thermal conductivities
were measured by the transient hot wire method (Nagasaka and
Nagashima (12); Batty, et al. (13)). The thermal conductivity of
fluids involved are all measured at room temperature and summa-
rized in Table 1. The thermal conductivity of ethylene glycol and
pure water were measured as 0.252 and 0.603 W/m-K, respectively,
which are comparable to the reference values (0.250 W/m-K for
ethylene glycol and 0.606 W/m-K for pure water) in Incropera and
DeWitt (14). All the nanofluids show some enhancement in the
thermal conductivity. Al2O3 nanofluids have a thermal conductiv-
ity enhancement of 7%, 11%, and 15% for 1.0%, 2.5%, and 4.0%
volume fraction concentration, respectively. Diamond nanofluids
at 1.5 vol% have a thermal conductivity enhancement of 6% for
200-nm carbon-coated diamond and 10% for 100-nm non-coated
diamond. The 5% concentration Cimtech 500 synthetic grinding
fluid causes the thermal conductivity to drop to 0.593 W/m-K.

Grinding Forces

The specific grinding forces, which are defined as the forces
divided by the width of grinding, vs. passes are shown in Figs. 2
and 3. These forces are the average values in each grinding pass.
The grinding forces for every five passes are plotted. As shown in
Fig. 2, flood cooling and MQL grinding using Cimtech 500 gen-
erates similar normal and tangential forces during the entire pro-
cess. These forces are lower than MQL grinding using pure water,
which is expected because of the better lubricating properties of
Cimtech 500 cutting fluid. Dry grinding without lubrication gen-
erates the highest forces. On the other hand, the forces increase

TABLE 1—FLUIDS THERMAL CONDUCTIVITY

Fluids

Thermal
Conductivity

(W/m-K)

Thermal
Conductivity
Enhancement

Ethylene glycol 0.252 –
Deionized water 0.603 –
Cimtech 500 synthetic fluid (5%) 0.593 –
Al2O3 nanofluids (40 nm diameter)

1.0 vol% 0.645 7%
2.5 vol% 0.670 11%
4.0 vol% 0.693 5%

Diamond nanofluids (200 nm
carbon coated)

1.5 vol% 0.654 6%
Diamond nanofluids (100 nm 0.684 10%

non-coated) 1.5 vol%
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Fig. 2—Specific grinding forces and force ratio for wet, dry, and MQL
grinding using Cimtech 500 and pure water.

with the number of passes, which is attributed to the wheel wear.
Notice that the forces for dry grinding increase exponentially af-
ter 110 passes. These large forces generate excessive heat and lead
to visible burning of the workpiece, which can be identified by
discoloration on the ground workpiece surface.
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Fig. 3—Specific grinding forces and force ratio for water-based
nanofluids.

MQL grinding force results using pure water (considered as the
datum) and water-based nanofluids are compared in Fig. 3. In the
beginning (before 35 passes), all the forces are comparable. With
increasing passes, MQL grinding using different fluids exhibits dif-
ferent performance. For Al2O3 nanofluids, at 1.0 vol% low concen-
tration, the grinding forces increase progressively, which is simi-
lar to the case of pure water. At higher concentration (2.5 and

4.0 vol%), the grinding forces remain flat after increasing in the
beginning. This may be due to the hard and dense slurry layer
observed on the grinding wheel. However, compared with Al2O3

nanofluid of 2.5 vol%, the one with 4.0 vol% gives much higher
forces. The possible explanation is that the high concentration of
Al2O3 (4.0 vol%) leads to excessive loading of the vitreous bond
grinding wheel, resulting in higher grinding forces.

For diamond nanofluids, the grinding forces become flat af-
ter about 45 passes. Again, the slurry layer is readily observed
when using 200-nm carbon-coated diamond nanofluids but not
for 100-nm non-coated diamond nanofluids. Intense loading on
the wheel is likely why the grinding forces are higher with 200-nm
carbon-coated diamond nanofluid than with 100-nm non-coated
diamond nanofluid. In general, the slurry layer can reduce the
grinding forces by reducing the wheel wear, which is supported by
the G-ratio measurement results.

The force ratio Ft /Fn indicates the combination of abrasive cut-
ting and friction between the wear flats and the workpiece. In all
the experiments, this ratio decreases from the beginning and then
reaches a relatively steady-state value. As shown in Fig. 2, the force
ratio is 0.15 for dry, 0.2 for pure water and Cimtech 500 MQL, and
0.25 for Cimtech 500 flood cooling grinding. For nanofluid MQL
grinding, as shown in Fig. 3, the force ratio is 0.25 for all three
Al2O3-based nanofluids and about 0.27 and 0.2 for the 100- and
200-nm diamond nanofluids grinding, respectively. The initial drop
is probably due to the rise of workpiece temperature during grind-
ing. In dry grinding, the ratio is very low, which is attributed to the
workpiece burning and associated phase changes (Malkin (15)).

The specific tangential versus specific normal force for all grind-
ing conditions is illustrated in Fig. 4. For given grinding conditions,
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a plot of the tangential versus the normal force component per
unit width should yield a straight line with a slope equal to the
friction coefficient between the wear flats and the workpiece. Ac-
cording to Malkin’s analysis (Malkin (15)), above the burn limit,
the slope gets steeper, which suggests a decrease in friction co-
efficient associated with workpiece burn. The phase changes and
the formation of oxides on the cast iron workpiece cause the re-
duction in friction coefficient. This change in the slope or the fric-
tion coefficient is also observed in this study. As shown in Fig.
4, the specific tangential grinding force of about 2.2 N/mm is the
transition point for grinding burn and change of slope. This corre-
sponds to a specific energy of 165 J/mm3, which is a little higher
than 135 J/mm3 burning limit for low carbon and low alloy steels
(Malkin (15)).

Linear curve fitting was applied to data points above and below
the 2.2 N/mm specific tangential grinding force. In the absence of
workpiece burn, below the specific tangential grinding force of 2.2
N/mm, the slope is 0.33, which implies a friction coefficient of 0.33
between the wear flats and the workpiece. With grinding burn, the
slope is much lower, 0.09. This indicates a much smaller friction
coefficient beyond this grinding burn point. This observation is
consistent with the findings in previous grinding studies (Malkin
(15)). Workpiece burning, evidenced by visible discoloration, is
apparent in three grinding conditions: dry, pure water MQL, and
1.0 vol% Al2O3 nanofluids MQL grinding. For dry grinding, ex-
cept for several initial passes, most of the data points are above the
burn limit. This has also been observed on the discoloration of the
ground surface. The experimental observations of discoloration
match the burn limit prediction in Fig. 4. Slight discoloration was
observed for pure water and 1.0 vol% Al2O3 nanofluids MQL
grinding. As shown in Fig. 4, some data from these experiments
also locate above the burn limit. For pure water, the lack of lu-
bricity contributes to the workpiece burning. For 1.0 vol% Al2O3

nanofluid, it is likely attributed to the relatively high grinding force
than the other nanofluids, as shown in Fig. 3. No burning marks
were observed for 2.5 vol% Al2O3 nanofluids, diamond nanofluids,

flood cooling, and MQL grinding with Cimtech 500 as the specific
tangential forces in these experiments are all below 2.2 N/mm.

G-ratio

G-ratio is defined as the volume of work material removed
divided by the volume of wheel wear. A high G-ratio indicates
low wheel wear rate. Nanofluid MQL grinding generally exhibits
high G-ratio, ranging from 16 to 33, as shown in Fig. 5. Flood
cooling and MQL grinding using Cimtech 500 provides a similar
G-ratios, about 17. Dry grinding exhibits the worst wheel wear,
i.e., the lowest G-ratio, about 12, while MQL using pure water has
only a slightly higher G-ratio than that of dry grinding.

For MQL grinding with Al2O3 nanofluids the G-ratio increases
with the increasing volume fractions of Al2O3 nanoparticles. The
two highest G-ratio results are observed in MQL grinding with
2.5 and 4.0 vol% Al2O3 nanofluids. This is attributed to the for-
mation of the slurry layer, which can protect the grinding wheel
from grain/bond fracture. High-concentration nanofluid has bet-
ter protection and improves the G-ratio. The slurry layer is not
observed in MQL grinding with 1.0 vol% Al2O3 nanofluid, which
has a low G-ratio. In early research by Komanduri and Reed (16),
it was found that a thin slurry layer of silicon carbide on the wheel
surface can protect the bonding material from thermal and/or me-
chanical degradation or damage, thereby causing a high G-ratio.
This research further validates this observation.

For MQL grinding with diamond nanofluids, the same phe-
nomenon of slurry formation and high G-ratio was observed in the
200-nm diamond nanofluid. For the 100-nm diamond nanofluid,
no slurry layer was observed and the G-ratio is lower than that
of the 200-nm diamond nanofluids. Compared to the 100-nm dia-
mond nanofluid, it should also be noted that the 200-nm diamond
nanofluid is more viscous and more ready to form the slurry layer.

Surface Roughness

The surface roughness (Ra) of the ground workpiece is pre-
sented in Fig. 6. Flood cooling has the best surface finish (lowest

Fig. 5—G-ratio results.

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
2
0
0
7
-
2
0
0
8
-
2
0
0
9
 
N
a
t
i
o
n
a
l
 
C
h
e
n
g
 
K
u
n
g
 
U
n
i
v
e
r
s
i
t
y
]
 
A
t
:
 
0
7
:
0
1
 
2
6
 
F
e
b
r
u
a
r
y
 
2
0
0
9



Application of Nanofluids in Minimum Quantity Lubrication Grinding 735

Fig. 6—Surface roughness results.

surface roughness). In general, MQL grinding using nanofluids has
a better surface finish than pure water but worse than the flood
cooling and MQL grinding using Cimtech 500. Cimtech 500 syn-
thetic grinding fluid provides good lubrication, while pure water
has a poor lubricating capability. The flood cooling also provides
efficient chip flushing. The fact that the nanofluids outperform the
pure water can be partly due to the reduction in grinding forces
and friction. Dry grinding has the worst surface finish, which is
expected.

For Al2O3 nanofluids, 2.5 vol% has better surface roughness
than that of 1.0 and 4.0 vol%. The 2.5 vol% Al2O3 nanofluid has
the lowest specific tangential grinding forces (see Fig. 3) among the
three. The 4.0 vol% Al2O3 nanofluid has lower specific tangential
grinding forces than the 1.0 vol% Al2O3 nanofluid. As a result,
the 4.0 vol% Al2O3 nanofluid has a better surface finish across
the grinding direction. However, along the grinding direction, it
has a worse surface finish than the 1.0 vol% Al2O3 nanofluid.
This is likely due to the thicker slurry layer in 4.0 vol% Al2O3

nanofluid MQL grinding, which may scratch the workpiece along
the grinding direction.

The 200-nm coated diamond nanofluids have a slightly bet-
ter surface finish than the 100-nm non-coated diamond nanofluid.
Although the former has slightly higher tangential forces, it has
a lower force ratio (friction coefficient). In general, diamond
nanofluids perform better than Al2O3 nanofluids in terms of sur-
face roughness due to the lower specific tangential grinding forces,
as seen in Fig. 3.

Grinding Temperature

The comparison of wet, dry, and MQL grinding temperature at
the workpiece surface was plotted in Fig. 7. Flood cooling has the
lowest temperature and dry grinding has the highest, which is ex-
pected. In Fig. 7, all the MQL grinding experiments have the same
flow rate (5 mL/min). By applying MQL, the peak temperature

is about 100–150◦C lower than that in dry grinding. This is due to
both the cooling and the lubrication effects of the fluids provided
by MQL, as lubrication reduces the cutting forces and cutting en-
ergy, while convection heat transfer and/or boiling carries away
some of the heat.

Fig. 7—Comparison of wet, dry, and MQL grinding temperature at the
workpiece surface (5 mL/min flow rate for MQL grinding).
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Fig. 8—Fluid flow rate effects on grinding temperature at the workpiece
surface.

There is no significant difference in grinding temperature
among the experiments using different types of fluids for MQL
grinding. The Cimtech 500 synthetic grinding fluid has slightly
lower grinding temperature. This is probably attributed to the bet-
ter lubrication properties of Cimtech 500 synthetic grinding fluid.
The 4.0 vol% aluminum oxide nanofluids also have a slightly lower
workpiece surface grinding temperature. This is probably due to
the dense slurry layer formed during grinding, which may cause
more heat to enter the grinding wheel than the workpiece.

Further investigation was conducted on the flow rate effects, as
shown in Fig. 8. Larger MQL flow rate leads to the lower grinding
temperature. Increasing the flow rate from 5 to 30 mL/min, the
peak grinding temperature was reduced by about 100◦C, which
is 250◦C lower than that in completely dry grinding. This also in-
dicates that the flow rate setting is a very critical factor in MQL
grinding. By increasing the MQL flow rate, it is possible to achieve
the desired cooling effects.

CONCLUDING REMARKS

Grinding of cast iron under different lubrication conditions was
studied. Grinding performance was investigated and compared in
terms of grinding forces, G-ratio, surface roughness, and grinding
temperature. Dispersion of solid particles was found to play an
important role, especially when a slurry layer was formed. The
slurry layer generated a higher G-ratio (less wheel wear), smaller
grinding forces, and better surface finish. To elucidate how the
slurry layer forms and how the dispersed solid particles and the
slurry layer affect the grinding performance, further research is
needed.

The preliminary study of MQL grinding showed that it could
significantly reduce the grinding temperature compared to dry

grinding. However, there is no significant difference in grinding
temperature when using nanofluids. This is probably because the
amount of the nanofluids applied in MQL grinding is too small to
make any difference even though they have better heat transfer
and thermal conductivity. In addition, convection or sometimes
boiling is the dominant cooling phenomenon in grinding processes
rather than conduction. Therefore, further investigation on the
convection heat transfer and boiling of nanofluids is needed to
better understand the cooling advantages provided by nanofluids
MQL grinding process.

This study also quantitatively demonstrated that the flow rate
was very important in MQL grinding and it was possible to achieve
the desired cooling effects by increasing the amount of fluids ap-
plied in MQL grinding. Further research is ongoing in order to
optimize the MQL grinding process.
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