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Abstract

The experiments of the surface grinding of Ti-6Al-4V grade 5 alloy (Ti-64) with a resin-bonded cubic Boron
Nitride (cBN) grinding wheel are performed in this research to estimate the influence of cutting parameters named
workpiece infeed speed, Depth of Cut (DOC), cooling condition on the grinding force, force ratio, and specific
energy. A finite element simulation model of single-grain grinding of Ti-64 is also implemented in order to predict
the values of grinding forces and temperature. The experimental results show that an increase of workpiece infeed
speed creates higher intensified cutting forces than the DOC. The grinding experiments under wet conditions present
slightly lower tangential forces, force ratio, and specific energy than those in dry grinding. The simulation outcomes
exhibit that the relative deviation of simulated and experimental forces is in the range of 1-15%. The increase in feed
rate considerably reduces grinding temperature, while enhancement of DOC elevates the heat generation in the
cutting zone.

Keywords: grinding, titanium alloy, grinding force, grinding temperature, finite element simulation

1. Introduction

Grinding is a very complicated cutting process due to the great number of abrasive grains with large negative rake angles
participating in the metal removal operation. If the cutting parameters are not properly chosen, this process can be even more
difficult. Inadequate cutting conditions can result in the creation of surface failures such as thermal burn, tensile residual stress,
debris adherence, and rapid tool wear, etc. Together with selecting adequate grinding conditions, the employment of cutting
fluid is also an effective strategy to enhance grinding performance [1]. With the introduction of enough cooling and lubricating
activity, heat formation in the interaction region and thermal failure can be depressed. Meanwhile, dry grinding sometimes

exhibits useful impacts, i.e. lowering thermal shock, reducing environmental effect, improving surface morphology, etc.

Titanium alloys have a high strength-to-weight ratio, excellent corrosion resistance, and superior strength at elevated
temperature, thereby they are used in a wide range of applications, such as the aerospace industry and biomedical field.
However, those alloys are categorized as hard-to-machine materials because of the very short tool life and poor surface finish
characteristics. To the grinding wheel, cubic Boron Nitride (cBN) abrasive is an attractive choice for machining difficult-to-cut

material because of high cutting capacity and less thermal failure. Additionally, resin-bonded cBN wheels are usually used as
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it can obtain high surface quality and possesses good impact strength [2]. An internal evolved porous composite-bonded cBN
wheel with graphene nanoplatelets was investigated by Chen et al. [3]. It was seen that adding graphene could keep the
sharpness of the abrasives at some range and maintain the self-sharpening capacity of the grinding wheel. Hence, the
graphene-added porous composite-bonded cBN wheel could achieve high efficiency and favorable surface quality as grinding
of Ti-64 alloy. An induction of brazed formed monolayer cBN wheel was utilized for the grinding of a dovetail slot made from
Ti-64 alloy in the study of Li et al. [4]. By comparison with the electroplated wheel, the brazed tool exhibited superior
performance, i.e. the lower specific cutting energy and the better workpiece surface. The study of Naskar et al. [5] evaluated
the wear process of the electroplated cBN wheel and its effectiveness on the machinability of Ti-6Al-4V under various cooling
and lubricating environments and high grinding speeds. It was found that thermal-shock-induced breakage was the main reason
for wheel wear, and water-based fluids showed 2 to 4 times more wear than neat oil. Zhao et al. [6] implemented single-grit
grinding experiments of Ti-64 alloy to estimate the grinding performance of sintered Aggregated cubic Boron Nitride (AcBN)
grits. The outcomes indicated that AcBN grains obtained a more steady grinding force ratio, higher material removal rate, and

more stable wear areas than common monocrystalline cBN ones.

In the grinding operation of Ti-64, surface burn and oxidation usually occur due to large heat generation, which
considerably results in poor surface performance. On the other hand, excessively high temperature in the contact zone also
leads to undesirable tensile residual stress and voids [7]. Hence, the prediction of cutting temperature is very necessary for the
grinding process for Ti-64 alloy, which would contribute to the optimization of cutting conditions, reduction of grinding
temperature, and improvement of surface quality [8]. Besides experimental studies, many numerical cutting simulations are
performed on the grinding of Ti-64 alloy. Particularly, numerous researchers have recently investigated the grinding process
using Finite Element Method (FEM). This is an efficient tool to study the cutting processes which provides valuable

knowledge on the material removal process, cutting temperature and forces, strain and stress as well.

Handa et al. [9] made a comparison between discrete fragmented grinding and common continuous grinding using a 3D
finite element simulation in ABAQUS/EXxplicit. The discrete-fragmented machining showed its capacity for keeping the
cutting temperature under the critical value which avoided burning spots on the Ti-64 surface, and decreasing grinding force
appreciably. The FEM simulation model of abrasive belt grinding was performed by Song et al. [10] to completely evaluate the
change properties of thermal-mechanical constraints in the grinding process. The simulation outcomes exhibited that the
ductile deformation region and dead metal region are suitable with the grinding theory. In the study of Yun et al. [11], a model
of residual stress on the abrasive belt surface in the grinding process of TC17 titanium alloy was introduced based on the theory
of molecular system dynamics. With a grinding speed of 8-24 m/s and feed rate of 20-60 m/min, the residual stress of the belt
surface was -169 to -254 MPa, and the relative error between simulation and experiment was below 20%. In the study of Liu et
al. [12], a FEM simulation was employed for analyzing the high-speed grinding of PTMCs alloy using a monolayer brazed
cBN wheel. Under the investigated grinding parameters, the undeformed chip thickness had a larger effect on the defect
formation of the machined surface than the grinding speed did. The simulated outcomes were highly compatible with

experimental ones.

This study is conducted to improve the performance of the grinding process on Ti-64 grade 5. Influences of cutting
conditions, including workpiece infeed speed, Depth of Cut (DOC), cooling environment on the grinding force, force ratio, and
specific energy are studied. Based on FEM, this work also predicts the grinding forces and cutting temperature in the
single-grain grinding of Ti-64 alloy using ABAQUS/Explicit software. The explicit approach is used as it can solve dynamic
balance problems of solid mechanics, in other words, it is founded on energy balance [13]. The simulation results can be
employed to understand the material removal process and to select the cutting and lubricating conditions in the grinding of
Ti-64 alloy.
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2. Grinding Simulation and Experiments

2.1. Experimental work

The grinding experiments are performed on a high-speed vertical machining center (HS Super MC500, Fuhong
Machinery Co., Taiwan), as demonstrated in Fig. 1. The diameter and grit size of the cBN wheel is 100 mm and #120,
respectively. The dimension of the annealed Ti-64 grade 5 specimens is 16x10x9 mm, with a cutting width of 4.5 mm and a
cutting length per pass of 16 mm. The mechanical and thermal properties of the Ti-64 alloy and cBN grit are presented in Table
1. Plunge up-grinding mode is utilized in all experiments with wheel revolution constantly at 5733 rpm (cutting speed of 30
m/s). A total number of 24 tests are performed following the cutting variables detailed in Table 2. The table speed vy is 1, 3, 6,
and 10 m/min, and DOC is 5, 10, and 15 um, under dry and wet environments. In wet grinding conditions, a synthetic oil-based
fluid including oil concentration at 2 vol % is provided at a flow rate of 30 I/min through two cooling nozzles. In the cutting
process, the sample is clamped in a fixture combined with a three-component piezoelectric dynamometer (No. 9139AA,
KISTLER Instrument), which provided the normal and tangential force measurement. The force sensor is connected to an
Analog-to-Digital (A/D) converter, then the data are processed and recorded by a data acquisition system. The vibration of the

main spindle is monitored using a Triaxial DeltaTron Accelerometer (Briel & Kjer, Denmark).

Table 1 Material properties of Ti-64 alloy and cBN grit

. Young modulus, | Poisson’s | Density, p | Thermal conductivity | Specific Heat Lo
Material E (GPa) ratio, i | (kg/m?) (W/m-°C) (Jkgec) | EMissivity
Ti-6Al-4V 108 0.33 4440 6.6 580 04
cBN 909 0.12 3120 240 670 04

Pulse
Labshop

Fig. 1 The setup for the surface grinding experiments

Table 2 The cutting conditions of grinding experiments
Grinding wheel Resin-bonded cBN grinding wheel, #120

External wheel diameter, ds 100 mm
Cutting velocity, vc 30 m/s
Table speed, v 1, 3,6, 10 m/min
Depth of cut, a, 5,10, 15 um
Grinding width, b 4.5 mm

Environments
Dressing

Dry and wet grinding (2 vol% dilutions synthetic oil)
Impregnated diamond dresser

2.2. Finite element model of the grinding simulation

The cutting temperatures at the griding zone which is a very important controlling parameter of the tool life and surface
finish are not accurately captured by the experimental measurements. To forecast the grinding temperature in the interaction

region, a two-dimensional (2D) finite element cutting model is applied, as shown in Fig. 2. The dimension of the Ti-64



International Journal of Technical Innovation in Modern Engineering & Science, vol. 10, no. 4, 2024, pp. 121-133

specimen is 310 um in length and 100 pm in height (in the X and Y direction, respectively). The simulation is performed in
ABAQUS/Explicit software using a Lagrangian algorithm. The Lagrangian formulation is principally utilized in solid
mechanics. It permits the mesh and the matter displacing together, facilitating for monitoring surfaces and using boundary
conditions. The Lagrangian formulation can simulate matter stream which consists of frictional heat and matter deformation
although it requires complicated remeshing [13]. The meshing of the Ti-64 specimen is divided into 7750 bilinear four-node
plane strain thermally coupled quadrilateral elements with reduced integration and enhanced hourglass control (CPE4RT). The
abrasive is cBN grain modeled as half of the regular hexagon with a rake angle of -30°, as indicated in Fig. 3. The cutting depth
in the FEM model is set to be half of the maximum undeformed chip thickness (agmax) since the cutting depth of single grain
always increases gradually until it reaches the value of agmax in the general surface grinding process. The workpiece is fixed in
the X and Y direction, while the cBN grain which is considered a rigid body moved at the same velocity as the cutting velocity,
ve. In the simulation for cutting temperature, the heat dissipation in the grinding wheel and the Ti-64 specimen are dominantly
attributed by convection phenomenon with the convection coefficients of 81.148 and 82,000 W/m2.K for the dry and wet
grinding environment, respectively [8].

cBN grain

Workpiece

Fig. 2 The 2D FEM model for the grinding process with a single abrasive grain

\ Scratch_n /'
\ x

Scratch_n+1 % / s

N\ /8o S

N . :

Fig. 3 Grinding operation of a single grain [14]

2.2.1. Model of materials

To give a better description of the Ti-64 properties under high temperature, large strain, and high strain rate during the
grinding operation, the equation of Johnson-Cock plastic deformation model provided in [8] is used as shown in Eq. (1), where
¢ is the equivalent flow strain; o is the equivalent flow stress; €'o is reference plastic strain rate; € is the equivalent plastic strain
rate; T is the sample temperature; T and T, are the melting and room temperature, respectively. The mechanical and thermal
properties of Ti-64 alloy and cBN grit used in the FEM model are presented in Table 1. The Johson-Cook parameters include
five parameters which A is the yield strength, B is the hardening modulus, C is the strain rate sensitively coefficient, m is the
thermal softening coefficient, and n is the hardening coefficient. The J-C model parameters of Ti-64 alloy, shown in Table 3,
are achieved from the torque test, static tensile test, and Split Hopkinson Pressure Bar (SHPB) test [15]. Since the cBN grit is
considerably harder than the Ti-64 alloy, it can be counted as an analytical rigid body in the current analysis.
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Table 3 Johnson-Cook model constants of Ti-64 alloy
A/(MPa) | B/(MPa) | C N m Tm | T¢
875 793 0.01 | 0.386 | 0.71 | 1560 | 20

2.2.2. Criterion of material failure

The strain is used as an exclusive criterion in the material fracture criterion suggested by the Johnson-Cook model [16]. In
the current study, the Johnson-Cook shear fracture criterion is employed. Since the equivalent plastic strain of an intact element
is increased, the failure occurs when the failure parameter ws is larger than 1. The variable ws is defined as Eq. (2), where A g?!
is an increment of the equivalent plastic strain; ep' is the failure strain and is calculated by Eq. (3) [16], where the failure strain
is defined by the parameters o*, €0, and T. D; to Ds are the constants of the Johnson-Cook shear failure criterion. The

Johnson-Cook shear failure constants (D1—Ds) of Ti-64 alloy are picked from the study of Fu [16] and presented in Table 4.

Ag?

e @
T g (7-1

USRI 0
] Y

Table 4 Johnson-Cook shear failure constants of Ti-64 alloy
Material D, D, D3 D4 Ds
Ti-64 | -0.09 | 025 | -0.5 | 0.014 | 3.87

2.2.3. Boundary conditions and the contacting properties

In the grinding operation, the length of contact arc (Ic) between the Ti-64 specimen and the cBN grit presented in Fig. 3 is
described by Eq. (4) [15], where a, is the cutting depth and ds denotes the outer diameter of the grinding wheel. From this
calculation, the value of I ranges from 0.71 to 1.23 mm in the current study, which is 2.5 to 4 times as large as the modeling
length of the Ti-64 workpiece (310 pm) in X-direction. Hence, the movement of the cBN grit in the X-axis can simply be
considered a straight line in the cutting simulation model. Additionally, half of the maximum undeformed chip thickness (agmax)
of the single abrasive grit is selected for the cutting depth in the simulation model instead of the actual DOC a, as calculation in

Eq. (5), where vy is the table speed and v. is the cutting speed [15].

I, = /da, )

g max s j (5)

During the metal cutting process, plastic deformation and friction induce thermal energy. Then, the change in the
workpiece microstructure which affects cutting properties occurs as the excessively high temperature is presented in the
cutting zone. In the cutting simulation, the friction between the cBN grit and the Ti-64 sample surface is expressed by the
Coulomb’s Law as shown in Eq. (6), where z: is the frictional stress, [ is the coefficient of friction, and oy, is the normal contact

stress [17]. The friction coefficients can be calculated from the grinding force ratios obtained in the grinding tests [6] (the
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coefficients are 0.289 and 0.186 under dry and wet grinding conditions, respectively, in this study). ABAQUS/Explicit
software also introduces an inelastic heat fraction, named the Taylor-Quinney empirical constant (often fixed to be 90 % [17])

to describe the percentage of plastic deformation energy transferred to heat in the machining process.

T = uo, ©)

3. Experimental and Simulation Results and Discussion

3.1. Experimental results
3.1.1. Influence of grinding parameters on grinding forces

Fig. 4 presents the grinding forces under various cutting and cooling conditions. The experimental results show that the
grinding forces increase sequentially as the cutting depth or workpiece infeed speed (table speed) ascends for all dry and wet
cooling environments. At the DOC at 10 um under dry grinding, the normal force growth is up to 84% as the workpiece infeed
speed varies between 1 m/min and 10 m/min, while the gain of the tangential force is 88%. On the other hand, as the workpiece
infeed speed is constantly 3 m/min (dry grinding), the increases of the normal and tangential force are 65% and 60%,
respectively, with DOC in the range of 5 to 15 um. In accordance with the study of Li [18], the variation of the grinding forces
can result from the change of maximum undeformed chip thickness.
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Fig. 4 The influence of DOC and workpiece infeed speed on grinding forces at different cooling conditions



International Journal of Technical Innovation in Modern Engineering & Science, vol. 10, no. 4, 2024, pp. 121-133

Regarding cooling conditions, the tangential forces in the wet environment are generally lower in comparison with those
in dry cutting conditions while slightly lower normal forces are found with dry grinding. In dry cutting conditions, the loads
that occur on the cBN wheel surface are attributed to the adherence of debris to cBN grains at elevated temperatures due to the
lack of cutting fluid. Then, the grit is blunt out quickly because of the work-hardening stress of the Ti-64 workpiece. Besides,
less shearing and more rubbing activity of abrasive grains with debris adhesion all induce the force elevation [17]. In wet
cutting conditions, the reduction of tangential force may result from lowered rubbing and ploughing action as the
cooling-lubricating effect of cutting fluid removes the chips from the contact zone and reduce the wheel load [17, 19]. At a
DOC of 10 um and a table speed of 6 m/min, there is a 21% reduction in the tangential force under the wet grinding compared
to the dry cutting. The small difference in the tangential grinding force between these two cooling conditions can be from a
relatively low concentration of cutting fluid (at 2 vol%). From experimental data in Fig. 4, it also can be explicitly observed
that normal forces always show about 3 times larger values than tangential forces, which can be predicted due to the high

rubbing and ploughing activity of abrasive grains with a large negative rake angle [1].

The grinding force ratio is a key index indicating the friction condition at the contact zone between the workpiece and the
wheel surface. The grinding force ratio is represented as Eq. (7) [20], where f is the mean value of the peak semi-angle of
abrasive grit. As seen in Eq. (7), although the grinding force ratio does not signify the frictional coefficient y, it is proportional
to W.

F

7‘=200tB+u
F = 0

n

Fig. 5 shows that the force ratio in the dry environment is higher than those of the wet grinding because of more rubbing
and ploughing action between the workpiece and wheel surface. In dry conditions, the excessively elevated temperature and
the serious rubbing action happen due to the chemical reactions between Ti and cBN material. This results in ductile
deformation and a discontinuous slide of the mating surfaces. The curve-fitting slope of force ratios for the dry and wet
conditions are 0.289 and 0.186, respectively. The utilization of synthetic oil fluid lowers the force ratio value, showing the
smoother slipping of the participating surfaces [17]. In general, the force ratios at feed rate vy, = 10 m/min with various DOCs
are relatively high compared to their counterparts under other tested feed rates. At this high workpiece infeed speed, there is

slight introduction of the main spindle’s vibration, thereby the tangential force increases and waviness occurs onto the ground

surface.
14
—e— vy = 1 m/min, Dry —e— vy =1 m/min, Wet
12 ..m-- Vw = 3 m/min, Dry_ g .- vyy = 3 m/min, Wet
' * w—- Vw = 6 m/min, Dry — - —vy = 6 m/min, Wet
N, —e— Vw=10m/min, Dry _o vy = 10 m/min, Wet
L 10 A
L
S
5] i
g os
@
IS
[e]
L 06 1
(o2}
c
<
£
G 04 1
0.2 A
0.0 T T T T T
4 6 8 10 12 14 16

Depth of cut, a, (nm)
Fig. 5 The effect of DOC and vy on grinding force ratio Fi/F at various cooling conditions
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3.1.2. Influence of grinding parameters on specific energy

Fig. 6(a) represents the relation between undeformed chip thickness (agmax) and specific grinding energy (u) in the
grinding process of Ti-64 alloy. Specific grinding energy u (J/mmd) is a significant factor of grindability in the machining
operation exhibiting the required energy to remove one volume unit of workpiece material, which is described in Eq. (8) as a

function of tangential force F;, cutting velocity vs, workpiece infeed speed v, cutting depth ap, and grinding width b [21]:

Fuvs

u=
V@b ®)

The grinding specific energy of Ti-64 using a cBN wheel varies from 40 to 367 J/mm?, which approves that this material
is hard-to-grind [18]. Specific energy u lowers when DOC increases, as seen in Fig. 6. The grinding operation of a single grain
has three stages: sliding, ploughing, and chip creation, thereby the specific energy can also be separated into three elements:
sliding, ploughing, and chip creation energy. During grinding operation, chip creation energy is the lowest necessary energy to
remove specimen material so that it denotes the minimal value of u. The role of these three elements is different through the
variation of DOC. At a large DOC, chip creation plays the primary role, and lower specific energy is observed [20]. The
grinding energy quickly reduces with the growth of agmax Up to 5 um, and thereafter slowly falls for all the cooling
environments. With grinding at vy = 3 m/min and a, = 10 um, synthetic oil-based cooling provides a slight energy reduction of
4% in comparison with dry grinding. The slight difference in the grinding specific energy between these two cooling
conditions is attributed to the relatively low concentration (2 vol%) of cutting fluid. In dry cutting, the debris adhesion on the
abrasive grains results in serious rubbing and ploughing action, which provides an inappreciable metal removal process,
thereby enhances the specific energy [17]. Meanwhile, the lower grinding energy under a wet cooling environment is attributed
to the lower tangential grinding forces, preservation of grain sharpness, and easy chip formation [19]. As shown in Fig. 6(b),
the reduction of specific energy occurs along with the enhancement of the cross-section area of the cutting layer. The specific
energy of a small cross-section is higher than that with a large cross-section. This suggests that a reduction in cross-section area

will lead to a drop in tangential force F; which is not a considerable factor to lower specific energy [21].

400

350 - ‘

300 |

“l

|
200 1
150 - k
\

1004 @

Specific Grinding Energy, u (J/mma)

50 1 L]

(o]

* ——@&—— Dry Grinding
— -m— Wet Grinding

0.00 0.01 0.02 0.03 0.04

Undeformed Chip Thickness, a ., (mm)

0.05

Specific Grinding Energy, u (J/mm3

400

350 1

300 A

250 1

200 A1

150

100 1

50 4

o

—&—— Dry Grinding
— @ — Wet Grinding

Cross Section of the cut layer, a,v, (mm?/s)

(a) Specific grinding energy vs. undeformed chip thickness  (b) Specific grinding energy vs. cross-section of cut layer

Fig. 6 The effect of undeformed chip thickness and cross-section of the cut layer on the specific grinding energy
3.2. Simulation results
3.2.1. Chip formation process

The rubbing, ploughing, and chip creation are the three main periods in the grinding operation. The analysis exhibits the
three periods in the grinding of Ti-64 alloy using a single cBN abrasive grit, as indicated in Fig. 7. The rubbing period happens

at a rather low DOC, which contains ductile deformation in the sample surface (Fig. 7(a)). With the enhancement of the cutting
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depth, the ploughing period begins, then ductile deformation happens and the sample surface slightly bloats (Fig. 7(b)). It can
be realized that, under the rubbing and ploughing periods in the grinding process of a single grit, the sample material can not be
rejected because DOC is lower than the critical thickness of chip creation. Eventually, since the DOC reaches the critical
thickness of chip creation, a chip is induced and removed from the sample surface (Fig. 7(c)). Thus, it is discovered that there
is a value called critical thickness of chip creation so that when the grit DOC is lower than that value, the grit only rubs and
ploughs on the surface and will not create chips. Additionally, it is seen that the interrupted chips are formed in this grinding
simulation. This process of chip formation is also verified in other reported studies [16].
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Fig. 7 The simulation of three periods in the single-grain grinding process of Ti-64 alloy

3.2.2. The validation of the simulated cutting forces with FEM

The single-grain grinding forces (f; and f,) are the mean values of grinding force curves achieved with the FEM model.
Then, the single-grain grinding normal force f, and tangential force f; obtained from finite element work are compared with the
experimental results to check the validation of the FEM cutting model. The measurement of grinding force is performed under
the cutting conditions described in Table 2. The average values of experimental single-grain grinding forces (f, and f;) can be
approximately defined as Egs. (9) and (10) [22], where F, and F: are the experimental normal and tangential force, respectively;
b is the grinding width (4.5 mm at this study); I. is the length of contact arc between the wheel and sample surface; Ngq signifies

the density of active grain, which is 12.5 grains/mm? evaluated from images of grinding wheel surface using an optical

microscope.
f,=F, / Ngbl, 9)
f. = F, / Nybl, (10)
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Fig. 8 The comparison of single-grit grinding forces between simulated and experimental results



International Journal of Technical Innovation in Modern Engineering & Science, vol. 10, no. 4, 2024, pp. 121-133

016 05
[ Experiment, Dry == Experiment, Dry
ZZZ1 Simulation, Dry Simulation, Dry
Experiment, Wet Experiment, Wet
gZzZa Simulation, Wet 04 1 Simulation, Wet

Ve =30m/s
0104 Vy =3 m/min

0.14

0.12

v.=30m/s
] a,=10pum

0.08 -

2
2
%

/
pum 10 pm 15 pm 1 m/min 3 m/min 6 m/min 10 m/min

Depth of cut, a, (um) Workpiece Infeed Speed, v,, (m/min)
(c) Single-grit tangential force vs. depth of cut (d) Single-grit tangential force vs. workpiece infeed speed

0.06

NI

0.04

Single-grit Tangential Force f; (N)
Single-grit Tangential Force f, (N)

0.02

NI

0.00 -

Fig. 8 The comparison of single-grit grinding forces between simulated and experimental results (continued)

The experimental and predicted single-grain grinding forces in different grinding conditions (workpiece infeed speed vy
at1, 3, 6,and 10 m/min, DOC g, at 5, 10, and 15 pum, and the dry and wet grinding) are schematically demonstrated in Fig. 8.
The comparison between simulated and experimental results is performed under these cutting conditions, and the high
similarity between them can be achieved as shown in Fig. 8. In general, the relative difference of the simulated and
experimental single-grain grinding forces is 1-15% in the grinding process of Ti-64 alloy. In other words, cutting force errors
of less than 15% can be attained with this grinding simulation model.

3.2.3. Grinding temperature

Fig. 9 presents the simulation of temperature distribution in the grinding zone. The cutting simulation is conducted with
the workpiece infeed speed of 3 m/min and DOC of 15 um under dry grinding. A set of five checkpoints numbered from 1 to 5
is chosen, as shown in Fig. 9 for a more detailed evaluation of the grinding temperatures throughout the cutting time. The 1%
checkpoint is at the top surface of the Ti-64 specimen, and the 5™ checkpoint is placed at the depth (about 10 um) under the
grinding surface. Fig. 10 demonstrates the simulation grinding temperature profile through the five checkpoints. The cutting
temperature of the 1% point can be separated into two periods named P1 and P.. In period P, the grit accesses the checkpoints,
and the temperature of this point increases and attains the highest value as the abrasive grit is at the top of the checkpoint.
Therefore, the highest temperature at this point (around 358°C under the simulation with DOC of 15 um and the workpiece
infeed speed of 3 m/min) can be regarded as the temperature of the interaction region between cBN grit and the Ti-64 sample
surface. In period P2, when the grit leaves the checkpoint, the temperature of this point is reduced due to thermal conduction,

which is described as the dispersion of grinding heat from this zone to the ambient region with lower temperature.
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Fig. 9 The simulation of temperature distribution in single-grain grinding
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Fig. 11 indicates the simulation grinding temperature on the surface of the Ti-64 sample under various grinding conditions.
The higher predicted temperature on the Ti-64 sample surface is found with the increase of DOC. The larger DOC produces the
higher agmax and expands the tangential grinding force, which creates more thermal energy. Furthermore, the high DOC causes
a reduction in the dissipation of heat [22-23]. The increase of workpiece infeed speed leads to a considerable reduction of
grinding temperature. The temperature reduction may be the result of the rapid motion of the thermal source and fast
deformation on the sample surface [24]. The simulation results of grinding temperature are quite consistent with the
experimental ones in the study of Wang [25]. When agmax/2 approximates to 4 um (with the cutting condition of v, = 3000
mm/min and a, = 0.005 mm), the highest temperatures of the workpiece surface in simulation and experiment are
consecutively 325 va 370°C (relative error of 13.8%). The evaluation of grinding force and temperature may not be very
precise as it is difficult to match the material properties with grinding conditions.
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Fig. 11 The effect of grinding conditions on grinding temperature through FEM

4. Conclusions

The experimental study of the grinding forces was performed on the Ti-6Al-4V alloy with a cBN grinding wheel under
various cutting modes (DOC, workpiece infeed speed, and cooling condition). The grinding forces and temperature in the
surface grinding of a single grit were also investigated using ABAQUS/Explicit software as well. The following conclusions
could be drawn:
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(1) The normal force values showed about 3 times larger than the tangential ones. The high DOC or workpiece infeed speed
generally showed the larger cutting force components. The effect of workpiece infeed speed to cutting forces was more
significant than that of DOC. The force ratios at the feed rate of 10 m/min were relatively high compared to those under
other tested feed rates.

(2) The grinding process using synthetic oil fluid generally exhibited a little lower tangential force than dry cutting conditions,
while a slightly lower normal force was found with dry grinding. The force ratio in wet grinding was lower than in dry
cutting.

(3) The grinding specific energy of Ti-64 using a cBN wheel varied from 40 to 367 J/mm?3. The grinding energy quickly
reduced with the increase of the maximum undeformed chip thickness, agmax, and thereafter slowly decreased for all the
cooling environments. The reduction of specific energy occurred with a larger cross-section area of the cutting layer. The

synthetic oil-based cooling provided a slight reduction of grinding energy in comparison with dry grinding.

(4) The simulation cutting temperature on the Ti-64 sample surface increased with a higher DOC value. The increase of
workpiece infeed speed led to a significant reduction of grinding temperature. The simulated temperature results were quite
consistent with experimental values in other studies. The relative difference between simulated and experimental grinding
force was less than 15%, which was admissible. Thereby the grinding temperature could be efficiently forecasted by using
the proposed FEM model.
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