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ABSTRACT

In this research study, the surface roughness of medical grade Ti-6Al-4V
alloy was evaluated to understand the effects of cutting fluids, cooling
methods, and grinding depths after surface grinding with alumina wheel.
Three cutting fluid types namely sunflower oil, sunflower oil-based cutting
fluid, and conventional cutting oil were applied to the grinding zone using
two cooling methods: minimum quantity lubrication and wet cooling
methods. The grinding was undertaken at grinding depths of 0.005, 0.010,
and 0.015 mm. The surface roughness of the ground surfaces was
determined using a surface profiler. An analysis of variance demonstrated
that the individual contributions of cutting fluid types, cooling methods and
grinding depths to surface roughness were 42.7 %, 8.46 % and 40.61 %
respectively. The design of the experiment was done using Taguchi Lo
orthogonal array to determine the collective contributions of the grinding
parameters. The analysis of the signal-to-noise ratio shows that the optimal
surface roughness of Ti-6Al-4V was obtained with sunflower oil-based
cutting fluid, a minimum quantity lubrication of 0.67L/h and a grinding
depth of 0.005 mm. This study provides novel evidence of how grinding
parameters can be used collectively to optimize Ti-6Al-4V machining.

© 2016 Published by Faculty of Engineering

1. INTRODUCTION

Biomaterials have received much support and
have been used in the manufacture of the
biomedical devices [1,2]. Modern metallic
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biomaterials used for making orthopaedic
medical implants include titanium-based alloys
[1,3]. Ti-6Al-4V is a titanium alloy applied
widely in medical industries due to its superior
biocompatibility [4], high resistance to corrosion
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in the body fluids [5], high specific density,
relatively low modulus of the elasticity (55-110
GPa), high fatigue strength, and high tensile
strength [6]. Modification of the surface of
titanium alloys is often required to enhance the
tribological and biological properties of medical
implant materials [7]. One of the techniques for
modifying the surfaces of titanium alloys is
grinding. Grinding is a finishing process
undertaken to achieve a particular surface
roughness that will promote osseo-integration
[8]. The surface roughness of titanium alloys
determines properties of the ground surface such
as fatigue strength, the service life, and chemical
stability of the medical component [9,10]. The
surface roughness generated during grinding
depends on the number of process parameters
which may interact in their influence on surface
roughness during the grinding process. They
include the material of the workpiece [11], type of
abrasives [12], cutting fluids, cooling methods
[13,14], cutting oil viscosity [15], design of a
coolant nozzle [16] and cutting parameters such
as grinding speed, grinding depth, feed rate [17-
19]. These factors can influence surface
roughness individually or collectively.

Ti-6Al-4V is a super-alloy which difficult to
machine and requires expensive machinery [5],
[20]. Hence, there is a need to devise grinding
techniques for Ti-6Al-4V that are cost-effective.
The machining processes of Ti-6Al-4V should be
sustainable. In a sustainable machining, the
expectations are reduction of the machining
cost, reduction or elimination of the health and
environmental hazards, production of the high
quality products [21]. Sustainable machining
entails sustainable cooling and lubrication
techniques. The sustainable cooling and
lubrication techniques includes dry machining,
cryogenic cooling, minimum quantity lubrication
(MQL) technique, nano-cutting fluids, and MQL
nano-fluids [22].

In the MQL technique, the cutting fluid is mixed
with compressed air and delivered as an atomized
spray. The MQL system reduces the total
production costs by approximately 15% [23],
lesser cutting forces, less strain hardening and
favorable chip formation process [24]. Also, it
contributes to the betterment of the surface finish,
increasing the life of the tool and lowering the
wear of the grinding tools [25]. Choi et al. [26]
established that compressed cold air used as

coolant during cylindrical grinding of spindle shaft
materials with a CBN wheel was effective with
effectiveness nearly comparable with conventional
wet-grinding for shallow depths of cut.

Cutting fluids can also influence the cost of
grinding  Ti-6Al-4V. It generates high
temperature during machining hence the
selected cutting fluid must have effective cooling
and lubrication properties [27]. Paleu et al. [28]
established that sulphur additive content of 4 %
is  economical to accomplish the existing
standards for cutting fluids wear resistance.
Anand et al. [27] explained that there are
different types of cutting fluids that are
primarily used for cooling and lubrication
purposes in a metal cutting operation. They are
straight oils, soluble oils, synthetic fluids, semi-
synthetic fluids and cryogenic coolants. The
cutting fluids used in a grinding process
significantly improve the machining
characteristics of the process. The conventional
cutting fluids are associated with high
production costs [23,29] and  have
environmental and health hazards. This
necessitated reduction or complete elimination
of lubrication and development of self
lubricating materials as a solution [30].

Due to these challenges, vegetable oil-based
cutting fluids (VOBCFs) are preferred to
conventional cutting fluids during machining.
VOBCFs are biodegradable [31], have a higher
boiling point and have better lubricating
properties than petroleum oil-based cutting
fluids [30,32,33]. Due to the benefits of
vegetable oil-based cutting fluid, several
investigators have studied their influence on
grinding of Ti-6Al-4V.

Guo et al. [13] used vegetable oil and water-
soluble cutting fluids in wet cooling and MQL
cooling methods during surface grinding of the
Ti-6Al-4V alloy using silicon carbide grinding
wheel. They found out that in terms of surface
finish, MQL grinding performs better than dry
machining and wet machining. The surface finish
obtained in MQL machining had minimal surface
damage due to active cooling caused by better
cutting fluid penetration into grinding action
zone. Benkai et al. [32] did performance
comparison study on MQL grinding of high-
temperature nickel-base alloy, in the same class
of hard-to-machine material as Ti-6Al-4V, in
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terms of grinding force, grinding temperature,
and energy ratio coefficient. They used soybean
oil, castor oil, rapeseed oil, sunflower oil, palm
and peanut oil during the study. They found out
that palm oil and castor oil yielded the lowest
and highest grinding temperature, respectively.
The performances of the five remaining
vegetable oils were in a range between those of
palm oil and castor oil.

Hegab et al. [34,35] evaluated the MQL turning
performance of Ti-6Al-4V alloy using nano-
cutting fluids. The authors established that
multi-walled carbon nanotubes (MWCNTSs) with
the nano concentration of 2 wt % suspended in
vegetable oil reduced significantly the flank
wear and power consumption. They concluded
that there was improvement on the surface
quality and cutting performance. Similar results
were obtained by Hegab et al. [36] in their study
of MQL turning of Inconel 718 where they noted
improvement due in the surface quality to usage
of nanofluids. Hegab et al. [37] further explained
from their study on sustainability assessment of
machining with MQL nano-cutting fluids that the
nanofluid concentration should be optimized in
order to strike a balance between the technical
and economic requirements.

Tao et al. [18] investigated the effects of grinding
depth, grinding velocity, feed rate, and size of
abrasives of the grinding wheel on the surface
roughness during grinding of Ti-6Al-4V using
silicon carbide grinding wheels. They
demonstrated that the values of surface
roughness of the Ti-6Al-4V specimen decreased
as sizes of the abrasive sizes and grinding depth
decreased. Biswojyothi et al. [38] studied the
grinding of Ti-6Al-4V by varying MQL
parameters of cutting fluid flow rate, cutting
fluid concentration and air pressure. They found
that the cutting forces and surfaces roughness
decreased with increasing air pressure, flow
rate, and concentration of the cutting fluids.

Tawakoli et al. [39] compared dry, wet and MQL
grinding of the 100Cr6 hardened steel based on
the grinding forces and surface quality
properties. They found that in MQL grinding of
the 100Cr6 hardened steel, the surface
roughness obtained were reduced when
compared to the flood and dry grinding. Duc et
al. [40] carried out a study on the performance
of Al,03 nanofluids in MQL hard milling of

636

60Si2Mn steel using cemented carbide tools. The
results showed that coefficient of friction and
tool wear decreased due to the effectiveness of
Al;03 nanofluids. This decrease led to the
improvement of cutting performance, surface
quality, and tool life. They further established
that the lower values of surface roughness was
achieved with medium alumina concentration
(about 1.13 %) [41]. In a related study, Duc et al.
[42] established that Al;03 soybean-based
nanofluids gives the lowest value of surface
roughness Ra during MQL hard milling of 90CrSi
Steel as compared to MoS; nanofluids.

Jamil et al. [43] studied the effects of hybrid
nanofluid-based MQL and cryogenic cooling
when turning Ti-6Al-4V alloy. Results showed
that the hybrid nanofluids-based MQL reduced
the values of surface roughness, cutting forces
and extended the tool life more effectively than
the cryogenic technique. Hegab et al. [44]
develop an integrated model integrated model
(2-D axisymmetric computational fluid dynamics
(CFD) and Lagrangian based FE model) to
simulate the thermal characteristics of
nanofluids when MQL machining of Ti-6Al-4V
and Inconel 718. Results shows that both
generated cutting temperature and residual
stresses showed better performance in case of
tests performed using MQL-nano-cutting fluids.

The literature above show that MQL grinding
with environmentally benign cutting fluids have
promising results. Other studies show that
individual grinding conditions can influence
surface roughness. However, there are no studies
on the collective influence of grinding conditions
on grinding Ti-6Al-4V. The goal of this study is to
investigate how both individually and collectively
the conditions of the cutting fluid types, cooling
methods and grinding depth influence surface
roughness during grinding of Ti-6Al-4V. From the
studies optimal grinding conditions for a specific
surface roughness will be identified.

Sunflower oil (SO) was used in this present
study because the high proportion of
unsaturated fatty acids in the oil [45] enables it
to be used in its unmodified form in the
experiments even low temperatures. Its pour
point temperature is around -17 °C [46]. It has
high oxidation temperature [46], is bio-
degradable and environmentally friendly [47],
and has inherent excellent lubricity [48].
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This study experimentally investigated surface
roughness generated in grinding Ti-6Al-4V with
three cutting fluids; SOBCFs, SO, and conventional
cutting oils (CCO). The cutting fluids were applied
through three cooling methods; wet cooling
method, MQL: and MQL; techniques. The Taguchi
method was applied to determine the collective
influence of the cutting fluid type, cooling methods
and grinding depths on the surface roughness.
Optimal grinding conditions for desired roughness
reported to promote biomedical integration were
determined. This study is novel because it
investigates the collective influence of grinding
parameters on Ti-6Al-4V grinding. It is also novel
because it involves the application of sunflower
oil-based cutting fluid, through minimum
quantity lubrication in grinding of the Ti-6Al-4V.
The findings of this research provide a window
for identifying optimal and cost-effective
conditions of Ti-6Al-4V grinding that can be used
to reduce machining costs of this essential
biomedical material.

2. RESEARCH METHODOLOGY

Grinding experiments were performed on Ti-6Al-
4V to measure surface roughness and determined
the influence of each input factor on it.

2.1 Formulation of the sunflower oil-based
cutting fluids (SOBCFs)

The SOBCFs were formulated using the methods
suggested by earlier researchers [49,50]. It
contained sunflower oil (Bidco, Kenya) as the
base oil along with Tween® 80 (Sigma®, Sigma-
Aldrich, Germany) as a non-ionic emulsifier, and
coco-diethanol amide (CDE) (Neru Ltd, Kenya), as
pH modifier and co-emulsifier. Sunflower oil-
based concentrate was formulated by mixing
sunflower oil with Tween 80 and CDE in the ratio
of 6:3:1 respectively. 600 ml of sunflower oil was
determined using a 1-litre measuring jar and
mixed with 300 ml of Tween 80, which were
added slowly. This mixture was stirred
thoroughly using a magnetic stirrer, and when
the mixture became a homogeneous liquid, 100
ml of CDE was added and mixed to get a
homogeneous mixture. The sunflower oil-based
concentrate on its dilution with distilled water
and through gentle mixing produces SOBCFs
which is an oil-in-water emulsion. Distilled water
was used for dilution of SOBCFs to ensure that

fluid life was extended, and proper fluid
performance was achieved because water
hardness has effects on the cutting fluids. The
mixing was done at room temperature, i.e., 22+1
°C using a magnetic stirrer for 10 minutes for
proper and uniform mixing. The SOBCFs was
checked to ensure that it was monophasic
immediately after mixing. The emulsion stability
test was carried out by visually inspecting the
emulsion after forty-eight hours. The pH of the
SOBCFs was determined using digital HANNA pH
tester. The HANNA pH meter was calibrated with
a standard solution before the measurement.

2.2 Material and Grinding Parameters

The material used in all the studies was Ti-6Al-
4V alloy (Metals Centre, South Africa). All
samples used were cut into small pieces of
25x25x6 mm using wire cut electrical discharge
machining (Kens Metal, Nairobi, Kenya). The
surfaces of the samples were cleaned in distilled
water and iso-Propyl alcohol (Loba Chemie,
Mumbai, India) and air-dried.

The grinding process was performed using a
precision surface grinder (Model: KGS 150,
Brierley, Chester, UK). The grinder has a rated
wheel speed of 2855 rpm and a constant grinding
speed of 27 m/s was used in all the experiments.
The traverse speed (V.w=6.8m/min) was kept
constant for all grinding tests. In the experiments,
down grinding was performed to restrict wheel
loading and sliding heat during grinding. The
grinding wheel was dressed at 0.010 mm using a
0.25” diamond tip dressing stone before
performing each experiment. A traverse dressing
speed of 105 mm/min was use during dressing
process. Aluminium oxide grinding wheel
(ProGrind, Bibielle Abrasive Technologies, U.K)
designated WA80M5V with 180x19x31.75 mm
dimensions was used to carry out the surface
grinding process. Three input parameters were
varied at three levels. They were cutting fluids,
cooling methods, and grinding depths. The flow
rate for wet cooling was 72 L/h while for MQL1
and MQLo, the flow rates were 570 mL/h, and 650
mL/h respectively. The different flow rates
correspond to different cooling methods. Three
types of cutting fluids were used and were
conventional cutting oil (CCO), sunflower oil (SO),
and sunflower oil-based cutting fluids (SOBCFs).
The grinding depths used were 0.005 mm, 0.010
mm, and 0.015 mm.
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2.3 Experimental Set-up

The two different experimental set-ups were
used to carry out the grinding process: one
uses a wet cooling method, and another use
the MQL cooling method. The experimental
set-up showed in Fig. 1 was for MQL grinding.
In MQL, the cutting fluid in a spray gun is
delivered as a mixture with compressed air in
an atomized spray into the grinding zone. The
range of flow rate is approximately 0.050-
0.600 L/h in an MQL system [38,48,51] though
in another study, it was stated that used
volume in MQL is in a range of 0.050-1~2 L/h
[52]. This flow rate is much below that of the
conventional cooling which is approximately
120 L/h. So, the use of 0.57 L/h and 0.65 L/h
in the study was within the range of the typical
MQL flow rate. The two flow rates were also
far less the conventional quantity used of 72
L/h [48,53]. Additionally, we performed trial
tests on our grinding facility and these flow
rates proved to provide reliable results, hence
the choice.

A1r compressor

Fig. 1. Experimental set up showing MQL application.
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The MQL nozzle was internal mix type-atomizing
nozzle (ASG4041, Ingco Tools, China). The nozzle
diameter was 1.5 mm, and its outlet position was
82 mm from the grinding zone. The height of the
nozzle from the bottom of the wheel was 15 mm
and inclined at 25°. These settings were constant
for all the experiments. The MQL set-up was
gravity fed, and cutting fluids trickle down the tube
into the mixing chamber in the nozzle. The flow of
the cutting fluids is due to suction pressure created
by the injected pressurized air. The air nozzle
sprayer has an internal mix type-atomizing nozzle
where liquid and compressed air is mixed
internally to produce a completely atomized spray.

The compressor compressed air to a pressure of
6 bars and this atomizes the cutting fluid and
pushes into the grinding zone. The
thermometers were wused to monitor the
changing temperatures during the grinding
process. The results were not very significant to
support the discussions in this work. The results
were not reliable for inclusion in this work;
therefore, they were not included in the paper.

MQL Fluid
Reservoir

Air supply
Hosepipe
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Table 1. Experimental design matrix of the input parameters.

Input Parameters
Trials Cutting Fluids Cooling Methods Grinding Depth (+0.0025), mm
1 SO Wet 0.005
2 SO MQL1 0.010
3 SO MQL2 0.015
4 SOBCF Wet 0.010
5 SOBCF MQL1 0.015
6 SOBCF MQL2 0.005
7 cco Wet 0.015
8 cco MQL1 0.005
9 cco MQL2 0.010

2.4 Design of Experiment: Taguchi Approach

In this study, there were three input parameters
which were varied at three levels due to a
selection of the Taguchi Orthogonal Array Lo
(34). The orthogonal array reduces the number
of experiments carried out [54,55] and in this
study, Lo reduced the number of experiments
from 27 to 9 [56]. Taguchi analysis was carried
out with open source software Minitab 17. The
influence of each input parameter on the surface
roughness was analysed using analysis of
variance and signal-to-noise ratio. Table 1 shows
the design matrix of variable input parameters.

2.5 Determination of the surface roughness

The surface roughness parameter Ra was
measured after grinding using a surface profiler
(Phasell SRG 4500, Upper Saddle River, US). A
sampling length Ir of 0.8 mm and an assessment
length In of 4.0 mm were used. Prior to the
measurements, the profiler was calibrated with a
standard specimen supplied by the manufacturer.
A Gauss filtering method was used in selecting
the filtering method in the profiler. Ten
measurements taken along the grinding direction
were recorded, and the mean values and
associated errors were calculated [57].

2.6 Analysis of variance, ANOVA

Minitab 17 was the software used in ANOVA on
surface roughness values. ANOVA was carried out
at 95 % confidence level, i.e. a 5 % significance
level. In this case, an input factor is significant on

the surface roughness if the P value is less than
0.05 and insignificant on the surface roughness if
the P value is more than 0.05 [29]. ANOVA was
used to find out the percentage influence
contributions of the individual parameter on the
surface roughness of the ground surface of Ti-
6Al-4V [11]. Specifically, the ANOVA was used to
analyse the individual influence of cooling
methods, cutting fluid types, and grinding depths
on the surface roughness.

2.7 Determination of Signal-to-Noise ratio

(S/N)

The Taguchi technique was used to determine the
S/N ratio of the input parameters. The optimal
condition is a combination of the input
parameters with the highest S/N ratio and is
predicted from main effects plot of S/N ratio.
There are three characteristic values which can
be selected in the S/N ratios and are small-is-
better, large-is-better, and nominal-is-better [11].
In this study, the selected criterion was small-is-
better for surface roughness since the aim was to
get a better surface finish after grinding.

The equation for computing S/N ratios of the
surface roughness was:

S __ 152
i 10log(n§yij (1)

Where S/N is the signal-to-noise ratio for
roughness when small-is-better is the case, y; the
measured surface roughness for the it
repetition, n the number of the trials.
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3. RESULTS AND DISCUSSION

The experimental results are analysed and
discussed in the following sub-sections.

3.1 Formulation of the SOBCFs

In the formulation of SOBCFs, additives which are
harmful to the environment and dangerous for the
health were avoided, so that formulated cutting
fluid is environmentally friendly. When water was
added to the sunflower oil-based concentrate, it
formed milky emulsions which were used as
cutting fluid. The emulsifiers used in making
concentrate caused the sunflower oil to form an
oil-in-water emulsion. The emulsion had a milky
appearance because the emulsifiers refracted light
[58]. From the emulsion stability test carried out,
separation of oil and water was not observed
before 48 hours of emulsion stability test. This
observation indicates the good stability of the
emulsion, which is a requirement of any good
cutting oil. The pH of the sunflower oil-based
emulsions was 9.0 and as recommended by [58,
59], stable emulsions should have a pH value of
between 8.4-9.5. The water present in the SOBCFs
increases the cooling capacity and rate of heat
transfer of the cutting fluid [50]. In this way, the
newly formulated SOBCFs makes it possible to
have two main cutting fluid properties: proper
lubrication and effective cooling, in only one
machining fluid [50].

3.2 Surface roughness results

The results of the surface roughness were
recorded in Table 2 after grinding using the
experimental design matrix. Table 2 also has the
average S/N ratio values of each parameter level
on the surface roughness.

3.3 Analysis of Variance (ANOVA)

ANOVA was used to determine the influence of
cutting fluid types, cooling methods and grinding
depths on the surface roughness. Table 3 shows
the results of ANOVA for the surface roughness
obtained from the experiments. From Table 3, it
can be observed that the percentage
contributions of cutting fluid types, cooling
methods and grinding depths to surface
roughness were 42.7 %, 8.46 % and 40.61 %
respectively. Based on this ANOVA data, the
most important input parameter influencing the
surface roughness was the cutting fluid types.
The error rate was 8.23 % for the surface
roughness and was considerably low. This error
meets the requirement which states that for any
good and reliable statistical analysis, the error
level should be less than 20 % [29].

On examining Table 3, all the three input
factors influence surface roughness weakly as
P-values are very high at the 95% confidence
level. Their corresponding p-values were
above 0.05 and were 0.162, 0.493 and 0.169
for cutting fluid types, cooling methods and
grinding depths respectively. The cooling
methods and the cutting fluid types are input
factors which do not influence the surface
roughness independently. They influence
surface roughness through their interactions
with other process parameters. They can be
said to have a secondary influence on the
surface roughness of a machined component
[60]. This observation is similar to the
observation made by Rubio et al,, [17] in their
study where they explained that type of the
cooling systems is a factor influencing surface
roughness through its interactions.

Table 2. Experimental results on the surface roughness.

Input Parameters Output Responses
Trials (;,l;ltltll(;lsg Cooling Methods Grln(z:lgn l))epth Surfalc{(;R((l)::f)h ness S/N Ratio (dB)
1 SO Wet 0.005 0.5904+0.013 4.5771
2 SO MQL: 0.010 0.5868+0.031 4.6302
3 SO MQL:2 0.015 0.6004+0.034 4.4312
4 SOBCF Wet 0.010 0.5807+0.034 4.7210
5 SOBCF MQL1 0.015 0.5847+0.021 4.6613
6 SOBCF MQL2 0.005 0.5549+0.038 5.1157
7 CCO Wet 0.015 0.5880+0.018 4.6125
8 CCO MQL1 0.005 0.5701+0.057 4.8810
9 CCO MQL2 0.010 0.5780+0.011 4.7614
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Table 3. Analysis of variance for surface roughness at 95 % confidence level.

Source DF Seq'SS CO“T;Z;“”“ Adj SS AdjMS | F-Value | P-Value
Cutting Fluid Types 2 0.000584 42.7 0.000584 0.000292 5.19 0.162
Cooling Methods 2 0.000116 8.46 0.000116 0.000058 1.03 0.493
Grinding Depth 2 0.000555 40.61 0.000555 0.000278 493 0.169
Error 2 0.000113 8.23 0.000113 0.000056
Total 8 0.001367 100
Main Effects Plot for SN ratios
Data Means
49 Cutting Fluids Cooling Methods Grinding Depth
§ 438
[
z
vy
S 4.7
c
8
=
46
45
S0 SOBCF  CCO WET MQLL  MQL2 0005 0010 0015

Signal-to-noise: Smaller is better

Fig. 2. Main effects plot for S/N ratio of the surface roughness.

3.4 S/N ratio of surface roughness

The main effects plot for S/N ratio for the
surface roughness of ground Ti-6Al-4V is
shown in Fig. 2. From the plot, the highest
level for each input parameter obtained
through the Taguchi method gives the optimal
value of that input parameter [29]. In this
study, the optimal level for each of the three
input parameters was established according to
the highest S/N ratio among the levels [11]. It
can be observed from Fig. 2 that the optimal
input parameters for the surface roughness of
Ti-6Al-4V during grinding are SOBCFs as
cutting fluid, MQL2 as cooling method and
grinding depth of 0.005 mm. The response
table for S/N Ratios for surface roughness is
shown in Table 4 for the case of smaller-is-
better in Taguchi method. From Table 4, the
levels of the input factors and S/N ratios,
giving the lowest surface roughness value

were determined. It was observed that for
cutting fluid, the level was 2 with S/N = 4.833
dB, for the cooling method, the level was 3
with S/N = 4.769 dB and grinding depth, the
level was 1 with S/N = 4.858 dB. The bolded
values show the optimal input factors for
obtaining the lowest surface roughness.

Table 4. Response Table for Signal to Noise Ratios for
Surface roughness.

Cutting Cooling Grinding
Level Fluids Methods Depth
1 4.546 4.637 4.858
2 4.833 4.724 4.704
3 4.752 4.769 4.568
Delta 0.287 0.133 0.290
Rank 2 3 1

3.5 Mean for surface roughness

In grinding process, it is difficult to achieve same
smoothness on the ground surfaces. This is due to
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surface inconsistency of grinding wheel no matter
the dressing behavior and the planting abrasive
method adopted. As a result, the surface quality
obtained from grinding process is not always
perfect. At the beginning of grinding process,
poor surface quality can be generated because of
the different height of abrasive in grinding wheel
surface [18]. Hence the surface roughness value
at the beginning of grinding process is much
higher than at the end of the grinding process.
The surface roughness is becoming stable as
experiment continues since the old abrasives
wears out and new abrasives are generated. This
improves the surface consistency of grinding
wheels, and the value of surface roughness
reduces. The wearing of the abrasive wheel also
affects the morphology of the ground surface
[56]. Worn out abrasive wheel cause surface
defects affecting the quality of the ground
surfaces. Specific surface roughness generated
from grinding process depends on the
combination of input parameters such as coolant
delivery technique, abrasive material, the stability
of the machine, vibrations generated, cutting
speed and depth of cut employed. The grinding
surface roughness generated under same
grinding parameters cannot be same but it is a
range because of the factors stated above. This

makes the grinding process so dynamic and
unpredictable. The research and results
presented in this article provide a framework for
adoption by machinist to assess and hence
improve the machine surface quality of Ti-alloy
for various applications.

Mean surface roughness, Ra, values of the
ground samples are shown in the main effects
plot in Fig. 3. It can be observed that surface
roughness of the Ti-6Al-4V alloy increases as
grinding depth increases in a linear trend as in
the case of the classical theory of metal
machining. Whenever there is an increase in
grinding depth, loads on each abrasive increase,
and generates high grinding temperature at the
work-piece and wheel interface and this
increases the abrasive wear. This abrasive wear
will eventually lead to inferior surface finish [54,
60]. Generally, the surface roughness of any part
deteriorates with increase in grinding depth
when grinding most of the materials [61]. This
scenario is because a higher percentage of active
cutting grits are engaged in actual cutting at a
higher depth of cut. It is also attributed to the
thermal effects, loading, and fracture of the grits,
the wear, and re-deposition of the material on
the ground surface [62].

Main Effects Plot for Means
Data Means

Cutting Fluids
0.595

0.590

0.585

0.580

Mean of Means

0.575

0.570
SO SOBCF cco WET

Fig. 3. Main effects plot for means of surface roughness.
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In considering the aspect of the cooling methods, it
was observed that the lowest surface roughness
was obtained in both MQL systems, while wet
cooling had the highest surface roughness. This
observation was due to good penetration of the
cutting fluids into grinding zone hence facilitating
good cleaning, lubrication, and cooling [51]. Cutting
fluids would improve the slippage of grains in the
grinding zone and allow the material removed to
slip with ease over the workpiece-wheel interface
[63]. These factors, when combined, will reduce
values of the workpiece surface roughness. A
similar observation was also noted by Guo etal. [13]
in their research where they explained that the
lowest surface roughness occurred after MQL
grinding as compared to wet grinding.

The response table for means for surface
roughness is shown in Table 5 for smaller-is-
best criterion in Taguchi.

Table 5. Response Table for Means of surface
roughness.

Level Cutting Cooling Grinding
Fluid Types Methods Depths
1 0.5925 0.5864 0.5718
2 0.5734 0.5805 0.5818
3 0.5787 0.5778 0.5910
Delta 0.0191 0.0086 0.0192
Rank 2 3 1

It can be noted that the surface roughness is
lowest when using SOBCFs during the grinding
process and highest when using sunflower oil.
Low surface roughness values obtained when
using sunflower oil-based cutting fluids could be
attributed to its combined better lubricating and
cooling properties. It can be noted that the
surface roughness values are in the range of 0.4-
0.6 um, and this is a good range obtained usually
in grinding operations [60].

4. CONCLUSION AND RECOMMENDATION

In this work, Ti-6Al-4V samples were ground
under three input parameters and the individual
influence of grinding depths, cooling methods
and cutting fluid types on the surface roughness
of Ti-6Al-4V alloy after surface grinding was
determined. The S/N ratio analyses identified
the optimal grinding input parameters for
grinding Ti-6Al-4V and was given by the highest
S/N ratio. In that case, optimal parameters
which could generate lowest surface roughness

were sunflower oil-based cutting fluids
(SOBCFs) as cutting fluid, MQL, as a cooling
method, and grinding depth of 0.005 mm. From
ANOVA, it was noted that the percentage
contributions of cutting fluid types, cooling
methods and grinding depths to surface
roughness were 42.7%, 8.46 % and 40.61%
respectively. The ANOVA data shows that the
most important input parameter affecting the
surface roughness was the cutting fluid types.

This research contributes to the green technology
and simple methodology in the grinding process
with conventional abrasives, and this can find
applications in titanium machining industries. This
study is novel because it involves the application of
sunflower oil-based cutting fluid, which is
green/environmentally friendly cutting fluid, and
MQL in grinding of the Ti-6Al-4V.

Further research can be taken up to study the
effects of different mixing ratios of sunflower oil-
based cutting fluids on grinding performance of
the Ti-6Al-4V alloy in terms of surface roughness,
grinding forces, grinding temperature, and
microstructural alterations. There is a further
need for development and application of
environmentally friendly cutting fluids, hence
achieving green machining. Further research
can be undertaken to develop numerical
models and standards showing the correlation
between grinding parameters and surface
integrity of the ground Ti-6Al-4V. Such models
and standards would be significant in guiding
the choice of the coolant types and method for
hard-to-machine metals. Additionally, advanced
imaging using atomic force microscopy (AFM)
and fractal analyses may be utilized to enhance
the surface characterization of the machined
surface and present a comprehensive
correlation among the parameters.
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