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Abstract Comparative grinding experiments of (TiC,+
TiB,,)/Ti—-6Al-4V composites were conducted using vitrified
CBN wheel at the conventional wheel speed of 20 m/s and the
super-high wheel speed of 120 m/s, respectively. The grinding
behavior, i.e., grinding force and force ratio, grinding temper-
ature, specific grinding energy, and ground surface morphol-
ogy were analyzed. The results obtained indicate that the
normal and tangential grinding forces at the super-high wheel
speed are smaller than that at the conventional wheel speed.
However, the force ratio, the specific grinding energy, and the
grinding temperature show a contradictory trend compared to
the grinding force between the conventional speed grinding
and the super-high speed grinding. The main defects of the
ground surface of (TiC,+TiB,,)/Ti-6Al-4V composites are
voids, micro-cracks, fracture or crushed, pulled-out, and
smearing.

Keywords (TiC,+TiB,,)/Ti-6Al-4V composites - Vitrified
CBN wheel - Conventional speed grinding - Super-high speed
grinding

1 Introduction

As is well known, titanium and its alloys offer superior proper-
ties, such as high strength-to-weight ratio, high toughness, super
corrosion and creep resistance, and biocompatibility over a wide
range of operating conditions, making them an attractive option
in replacing some conventional materials in aerospace industry
and increasing biomedical applications [1]. However, due to its
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poor tribological properties, high manufacturing process cost,
and extreme affinity in molten state, the advanced materials are
adopted in limited area under severe friction and wear conditions.

Under such condition, particle-reinforced titanium matrix
composites are more desirable compared to titanium and its
alloys owing to relative low manufacturing cost and isotropic
property.

On the other hand, the particle-reinforced titanium matrix
composites, i.e., (TiC,+TiB,)/Ti-6Al-4V composites
(PTMC:s for short), are relatively new, potentially useful struc-
tural materials with high ductility, high temperature property,
good wear, and oxidation resistance. All of the above make ita
more attractive alternative to titanium alloy and even nickel
superalloy in fabricating the critical structural components and
products. However, the nonhomogeneous and different me-
chanical properties between the reinforcements (that is, TiC
particles and TiB whiskers) and Ti—-6Al-4V matrix material
make it a new type of difficult-to-cut material. Particularly, it
is difficult to control the quality of the machined surface due to
the high hardness and high brittleness of the reinforcements.
Little research on the machining method and mechanism has
been done for (TiC,,+TiB,,)/ Ti-6Al-4V composites in recent
years.

Grinding is an important method to machine difficult-to-
cut material [2, 3]. The objective of this investigation is to
study the grinding behavior of PTMCs. The comparative
results are obtained using vitrified CBN grinding wheel at
different wheel speeds, i.e., 20 m/s for conventional speed
grinding and 120 m/s for super-high speed grinding. The
grinding force and force ratio, the specific grinding energy,
and the ground surface morphology are discussed.

In theory, compared to the conventional speed grinding,
super-high speed grinding could offer the excellent potential
for obtaining greater machining quality combined with high
productivity [4, 5]. Additionally, in the super-high speed
grinding process, the maximum chip thickness and the
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grinding force may be decreased. Even the brittle material is
expected to be removed in the mode of ductile flow. However,
it is impossible to avoid completely the brittle fracture of the
reinforcements during grinding PTMCs [6—8]. Therefore, in
the present investigation, the grinding parameters are opti-
mized to avoid the brittle fracture of the reinforcements to
the greatest extent in order to achieve the precision surface of
PTMCs.

2 Experimental details

The workpiece material (PTMCs), which is produced in the
State Key Laboratory of Metal Matrix Composites of China,
contains 10 vol.% (TiC,+TiBy,) reinforcements and Ti-6Al-
4V metal matrix. As a well-known way to fabricate PTMCs,
the in situ method has been used to produce the (TiC,+TiBy,)/
Ti—-6Al-4V composites. That is, the reinforcements are
formed by in situ reactions between the reactants and the Ti—
6A1-4V metal matrix in the molten state [9]. The following
image about metallographic microstructure of the polished
and etched samples is analyzed using a scanning electron
microscope (SEM, Hitachi S-3400) showing the spherical
and needle shapes, namely TiC particles and TiB whiskers
(see Fig. 1). The composition and mechanical properties of
PTMC:s are listed in Table 1.

Figure 2 illustrates the setup of the grinding experiment
[10]. The grinding force was measured with a piezoelectric
dynamometer (Kistler 9272). The grinding temperature was
detected by means of the thermocouple technique. Table 2
provides the experimental conditions.

3 Results and discussion
3.1 Grinding force and force ratio of PTMCs

The grinding force, that is the normal force and tangential one,
has strong influence on the removal modes of the reinforce-
ments and the matrix of PTMCs during grinding [11, 12]. The
comparative research on the grinding force was carried out
under the machining conditions of the wheel speed of 20 m/s
and 120 m/s, respectively, as displayed in Fig. 3. Here the
workpiece speed is fixed at 6 m/min, and the depth of cut is
ranged from 0.005 mm to 0.020 mm.

As can be seen from Fig. 3a, the grinding force increases
with an increase in workpiece speed and depth of cut. The
normal force is 21.19 N and 9.88 N for the conventional speed
grinding and super-high speed grinding, respectively, when
the depth of cut is 0.005 mm, and the workpiece speed is fixed
at 6 m/min. The tangential force is 9.46 N for the conventional
speed grinding and 4.82 N for the super-high speed grinding,
respectively. However, when the depth of cut is increased
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Fig. 1 Microstructure of (TiCp+TiBw)/Ti—-6A1-4V composites
(PTMC:s for short)

from 0.005 mm to 0.020 mm, the normal force is increased
rapidly by 340 % and 330 % to 71.46 N and 32.37 N for the
conventional and super-high speed grinding, respectively. The
tangential force is raised by 300 % and 240 % to 28.28 N and
11.52 N.

On the other hand, when the workpiece speed is ranged
from 3 m/min to 12 m/min, it is found from Fig. 3b that the
normal force is increased remarkably by 260 % from 24 N to
61 N in the conventional speed grinding process. However,
the normal force is ranged from 17 N to 37 N, which is
increased by about 220 % in the super-high speed grinding
process. Meanwhile, the recorded tangential force is also
increased approximately by 260 % from 10 N to 26 N in the
conventional speed grinding process and by about 220 % from
5N to 11 N in the super-high speed grinding process.

According to Fig. 3a, b, the magnitude of grinding force at
the conventional wheel speed of 20 m/s is almost twice larger
than that at the super-high wheel speed of 120 m/s. As can be
seen from Fig. 4a, when the workpiece speed is 6 m/min, and

Table 1 Composition and mechanical properties of PTMCs

Types Contents
Matrix Ti-6Al-4V
Reinforcements 10 vol.% (TiC particles and TiB whiskers)
Dimensions of workpiece 30 mm (length)x25 mm (width)x5 mm
(height)
Dimensions of TiC particle diameter:
reinforcements 1.5-10 um
TiB whisker length:
35-50 um
Tensile strength 1102 MPa
Yield strength 972 MPa
Elongation rate 0.55 %
Elasticity modulus 133 MPa
Poisson's ratio 0.34
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Fig. 2 Illustration of experimental setup for grinding

the depth of cut is between 0.005 mm and 0.020 mm, the force
ratio of F, versus F is in the range of 2.1-2.8 at the super-high
wheel speed of 120 m/s. However, the generally smaller value
of force ratio, 2.2-2.5, is achieved at the conventional wheel
speed of 20 m/s. Meanwhile, the force ratio of F,, versus F,
i.e., 2.12 to 2.39, at the conventional wheel speed of 20 m/s is
remarkably lower than that, i.e., 3.18 to 3.63, at the super-high
wheel speed of 120 m/s, as shown in Fig. 4b. Here, the depth
of cut is fixed at 0.010 mm, and the workpiece speed is ranged
from 3 m/min to 6 m/min. Higher force ratio always corre-
sponds to severe tool wear; therefore, low tool sharpness in the
super-high speed grinding process [13].

3.2 Grinding temperature of PTMCs

The grinding temperature was measured to determine the
grinding state and optimize the grinding parameters [14]. As
can be seen from Fig. 5, the greater depth of cut and the faster
workpiece speed always result in the increase of the grinding
temperature in the current investigation. According to Fig. 5a,
when the depth of cut a, is ranged from 0.005 mm to
0.020 mm, the grinding temperature are increased remarkably
from 114 to 460 for the conventional speed grinding of 20 m/s
and 562 to 659 for the super-high speed grinding of 120 m/s,
respectively. When the workpiece speed vy, is varied between
3 m/min and 12 m/min, the grinding temperature is ranged

Table 2 Conditions for the grinding tests

Types Contents

Machine tool ~ Ultra-high-speed precision surface grinding machine

modeled BLOHM PROFIMAT MT-408
Abrasive wheel Vitrified CBN wheel
Grinding mode Up-grinding
Wheel speed v 20 and 120 m/s

Workpiece 3-12 m/min
speed vy,

Depth of cut @, 0.005-0.020 mm
Emulsified liquid; 5 %
Dilution; 90 L/min;
Pressure at 0.4 MPa

Cooling fluid
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Fig. 3 Influence of grinding parameters on grinding force: (a) depth of
cut; (b) workpiece speed

from 438 °C to 675 °C during super-high speed grinding and
from 165 °C to 495 °C during conventional speed grinding,
respectively, as shown in Fig. 5b. Obviously, the grinding
temperature in the super-high speed grinding process of
120 m/s is always higher than that in the conventional speed
grinding process of 20 m/s. The main reason is that the cooling
fluid cannot enter the machining region due to the air barrier
around the grinding wheel in the super-high speed grinding
process. Therefore, sufficient cooling liquid with high pres-
sure should be provided in order to control the grinding
temperature in the further investigation.

The significant amount of heat generated in the grinding
process can result in an undesirable change of the surface
integrity of PTMC:s. In particular, the increased grinding tem-
perature usually leads to the color change of the machined
surface. Fig. 6a, b provides the different ground surface, when
the depth of cut is 0.005 mm and 0.010 mm, respectively. Here
the workpiece speed is 6 m/min, and the wheel speed is 120 m/
s. Obviously, the color of the machined zone in Fig. 6b has
been greatly changed compared to that in Fig. 6a. According-
ly, it is known that a precision surface could be obtained when
the depth of cut is 0.005 mm, and the workpiece speed is 6 m/
min in the super-high speed grinding process.
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Fig. 4 Influence of grinding parameters on force ratio: (a) depth of cut;
(b) workpiece speed

3.3 Specific grinding energy of PTMCs

The specific grinding energy, eg, is an important grindability
indicator. It can be written as [13]

Ftvs
Vwapb

(1)

€

where b is the width of the grinding zone, i.c., 5 mm in this
investigation.

On the other hand, the maximum undeformed chip thick-
ness (dg max for short) of the vitrified CBN wheel is represent-
ed by [15, 16]

- 4Vw a_p 12 (2)
Ggmax =\ N C\ 4,

where Nj is the active cutting point density (8 mm ~ in this
study), C=4tg 0 (0 is a half of the angle of abrasive tip) is a
constant correlated with the angle of the grain tip. d is the
diameter of the grinding wheel, v, is the wheel speed, and a,, is
the depth of cut.
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Fig. 5 Influence of grinding parameters on grinding temperature; (a)
depth of cut; (b) workpiece speed

The specific grinding energy is obtained and plotted
against the undeformed chip thickness, as presented in
Fig. 7. This image indicates that the specific grinding energy
is gradually decreased with the increase of the undeformed
chip thickness [17]. According to Fig. 7, when the workpiece
speed is 6 m/min, and the depth of cut is 0.010 mm, the
specific grinding energy is high up to 160 J/mm® during
super-high speed grinding of 120 m/s, which is remarkably
higher than the specific grinding energy, i.e., 100 J/mm?,

Fig. 6 Different colors of the ground PTMC surface; (a) color un-
changed; (b) color changed
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during conventional speed grinding of 20 m/s. The phenom-
enon can be explained from the viewpoint of the abrasive—
workpiece interface. In the case of small undeformed chip
thickness, the high specific grinding energy of PTMCs is
mainly attributed to the high plowing and sliding energies,
which are expended in excess of energy of chip formation
during super-high speed grinding. When the undeformed chip
thickness is increased, the energy contributed from plowing
and sliding decreases. Under such condition, the specific
grinding energy decreases with the increase of the undeformed
chip thickness.

3.4 Ground surface morphology of PTMCs

The surface roughness of a ground component plays a signif-
icant role for fatigue endurance and corrosion resistance. In
this investigation, the maximum surface roughness (R, for
short) was chosen and measured rather than the average
surface roughness (R, for short) [18]. The reason is that R,
may give misleading results on the machined surface includ-
ing the fine grooves and micro-cracks [19]. The results reveal
that the R,,.x value is varied in the range of 0.6-0.8 wm when
the wheel speed is changed between 20 m/s and 120 m/s in the
current investigation.

A high-quality ground surface region is demonstrated in
Fig. 8, which is obtained in the super-high speed grinding of
120 m/s. Here the workpiece speed is 6 m/min, and the depth
of cut is 0.005 mm. Under such condition, the reinforcements
(including the TiC particles and TiB whiskers) and the matrix
material are removed mainly in the ductile mode (see Fig. 8).

Meanwhile, the micrographs of the defects in the ground
surface of PTMCs are displayed in Figs. 9a and d, respective-
ly. All these images are detected with a scanning electron
microscope (SEM) in a secondary mode during super-high
speed grinding of 120 m/s. Here the workpiece speed is 6 m/
min, and the depth of cut is 0.01 mm. In general, the defects
produced in the ground surface region can be classified as: (a)
voids and micro-cracks, (b) fracture or crushed, (c) pulled-out,
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Fig. 7 Relationship between specific grinding energy and undeformed
chip thickness
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Fig. 8 Precision ground surface of PTMCs

and (d) smearing (see Fig. 9). The schematic image of the
grinding process is given in Fig. 10, which briefly shows the
several defects mentioned above [17, 19, 20].

As can be seen from Fig. 9a, the void was initiated obvi-
ously around the reinforcements (including the TiC particles
and TiB whiskers) along the shear bonds on the machined
surface. The phenomenon results from the dislocation pile-ups
near the ground surface region and the debonding produced
by the plowing of the hard reinforcements through the matrix
surface during grinding operation [21]. Meanwhile, the pres-
ence of micro-cracks initiates at the surface due to the fracture
and pullout of reinforcements with the increasing dislocation
density and stress around the reinforcements. Some of those
micro-cracks would extend into the Ti-6Al-4V metal matrix,
and hence, the micro-cracks were presented on the machined
surface (Fig. 9a), which would make the fatigue life of the
material decrease substantially. It is observed from Fig. 9b that
the reinforcements fractured or crushed due to the severe
frictional and wear behavior by reducing the tendency for
brittle fracture [22]. Some holes on the ground surface region
are emerged, as displayed in Fig. 9c. The pullout behavior of
the reinforcements was partially or totally detached from the
machined surface and left behind cavities of various sizes and
shapes due to the decohesion between the reinforcements and
the Ti-6Al-4V matrix. Fig. 9d indicates the existence of long
grooves parallel to the direction of the grinding velocity on the
machined surface. These grooves were attributed to the rein-
forcements being pulled out from the matrix and becoming
dragged along the surface for a distance and hence resulted in
scratches of various lengths [23]. At the same time, the
smearing on the machined surface took place owing to the
fact that the machined surface was covered with the residual
chips and the molten matrix. In particular, the residual chips
were formed because they are not excluded completely in
molten state during grinding. Meanwhile, the molten matrix
was formed due to the redistribution and cooling on the
ground surface under the high grinding temperature [24].
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Fig. 9 Main defects of the
ground PTMC:s surface: (a) voids
and micro-cracks; (b) fracture or
crushed; (c) pulled-out; (d)
smearing

$3400 20.0kV x5.00k SE

It is noted that the defect patterns of the PTMC surface
produced during conventional speed grinding of 20 m/s are
generally similar to that during super-high speed grinding of
120 m/s. However, the proportion of surface defect patterns
induced by means of different removal behaviors of reinforce-
ments is changed with the wheel speed during grinding. For
instance, in the grinding process of PTMCs, the reinforce-
ments (including the TiC particles and TiB whiskers) always
tend to prevent the titanium alloy matrix from plastic defor-
mation. When the wheel speed is high, more voids around the
reinforcements are produced, and the reinforcements become
fracture or crushed, as shown in Fig. 9a. The phenomenon is
attributed to the higher strain rate of the matrix compared to

Reinforcing ” { Fraclure Pulled-out Micro-cracks
particles Reinforcing
whiskers PTMCs

Fig. 10 Schematic image of the defects of the ground PTMCs surface
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that of the brittle reinforcements in the grinding process. The
debonding of reinforcements is favorable to emerge in the
conventional speed grinding process because of higher grind-
ing force. In particular, the approximate proportion of the
defects of the ground surface in the conventional speed grind-
ing process and in the super-high speed grinding process,
respectively, will be discussed in the further investigation.

4 Conclusions

(1) Under the identical condition, the normal force F;, and the
tangential force F; obtained at the super-high wheel speed of
120 m/s are smaller than that at the conventional wheel speed
0f20 m/s during grinding PTMCs. However, the force ratio of
F/F, at the wheel speed of 120 m/s is always much larger than
that at the wheel speed of 20 m/s.

(2) The grinding temperature and specific grinding energy
of PTMCs during super-high speed grinding is greater than
that during conventional speed grinding. Precision surface is
obtained in the super-high speed grinding process of 120 m/s
when the depth of cut is 0.005 mm, and the workpiece speed is
6 m/min. Here, the grinding temperature is below 450 °C.
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(3) The main defects of the ground PTMC surface are voids
and micro-cracks, fracture or crushed, pulled-out, and
smearing. However, the defect proportion induced by means
of different removal patterns of the reinforcements in the
conventional speed grinding process is different from that in
the super-high speed grinding process.
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