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Abstract: The purpose of this study is to investigate the effect of graphite lubricant on the dry grinding performance

of Ti-6 Al-4V alloy, using graphite-coated, brazed monolayer, cubic boron nitride (cBN) wheels. Brazed monolay-

er cBN wheels both with and without a coating of polymer-based graphite lubricant are fabricated and subsequently

compared for grinding performance based on measurements of grinding temperature, surface microstructure and

grinding. In terms of grinding temperature, considerable improvement in dry grinding performance of titanium al-

loy is achieved using coated brazed monolayer ¢cBN wheels, with 42%—47% reduction in grinding temperature as

opposed to uncoated wheels. The grinding force ratio with the coated wheels is observed to remain between 1. 45 to

1. 85 despite material removal rates reaching up to 1 950 mm’/mm. No tangible change in ground titanium surface

microstructure is noted as a result of grinding with the graphite coated wheels as opposed to the uncoated ones.
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1 Introduction

Titanium alloys are used extensively in aero-
space, automobile and defense industries owing to
their excellent combination of properties for high
specific strength (strength-to-weight ratio) , frac-
ture resistance and superior corrosion resist-
ancel’. Unfortunately, the unique physical and
chemical properties which make titanium alloys
suitable for many applications also contribute to it
being both difficult and expensive to machine®®’.
There has been ample research into improving the
machinability of titanium alloys. Today, supera-
brasive grinding wheels have become one of the
most popular tools to machine titanium al-

loyst®

The monolayer brazed cubic boron ni-
tride (¢cBN) grinding wheel provides better grit
retention, higher crystal exposure and bond uni-

formity in comparison with electroplated grinding

Article ID:1005-1120(2014)01-0104-7

wheels. Then the inter-grit chip space is more
and the grits are hardly to be pulled out from the
tool substrate while grinding !,

Most research today employs fluid coolants
to control the heat generated in the grinding zone,
in order to ensure workpiece quality; however,
relatively few studies have been dedicated to in-
vestigating dry grinding titanium alloys using su-
perabrasive grinding wheels. Although fluid cool-
ants have been the conventional choice to deal
with this problem, they are not always recom-
mended in the light of ecological and economic
manufacturing constraints. Further, sometimes
dry grinding is the only feasible method. Due to
special properties of the workpiece material and
lack of cooling, temperatures in the grinding zone
can become very high and to the extent of causing
workpiece burn as well as possible chips adhesion

during dry grinding of titanium alloys. Emplo-
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ying a solid lubricant is often a feasible solution to
address these issues owing to the ability of solid
lubricants to form lubricant films between the
grinding wheel and the workpiece, which reduces
friction related heat generation that in-turn de-
creases the grinding temperature.

Research in the scientific literature has also
revealed the use of the solid lubricants in grinding
zone without fluid coolants. Shaji et al''*!designed
and built a special attachment to apply graphite in
a suitable paste form to the working surface of a
grinding wheel, which included a pneumatically
operated piston, a nozzle and a small soft rubber
wheel, to reduce the heat generated at the grind-
ing zone. Venu Gopal et al'**! developed an exper-
imental set-up to apply fine graphite powder to
the grinding zone, using a funnel pipe attached to
the cover plate of the grinding wheel, with the
goal of reducing heat generated at the grinding

el

zone. Alberts et al''""' sprayed a graphite and iso-

propyl alcohol dispersion into the grinding
process using common hand pump spray bottles,
with similar motivations. Additionally, grinding
wheels integrated with lubrication materials
which reduce frictional heat generation at the

[1518] are being developed.

grinding zone

The purpose of this study is to investigate
the lubricating behavior of graphite in improving
the dry grinding performance of Ti-6 Al-4V alloy,
using brazed monolayer ¢cBN wheels coated with
polymer-based graphite lubricant. The polymer-
based graphite lubricant coatings are applied by
means of ultrasonic oscillation and adhered
strongly to the surface of brazed monolayer ¢BN
wheels. The performance of graphite assisted
grinding is compared against the dry grinding per-
formance of uncoated brazed monolayer c¢BN

wheels.

2 Experimental Details

2.1 c¢BN wheel manufacture

Our patented, in-house designed and fabrica-
ted ¢cBN wheel coated with polymer-based graph-
ite lubricant is shown in Fig. 11"®'. This technolo-

gy offers three critical properties: (1) Realization

of the better grit retention; (2) higher grit pro-
trusion; and (3) more uniform grit distribution.
The brazed monolayer c¢BN grinding wheel is
manufactured using Ag-Cu-Ti filler alloy as the
bonding material at 920 °C for 5 min under high
vacuum (pressure is below 1 X107% Pa). A mean
size of 80/100 US mesh cBN grit is achieved. The
diameter and width of the grinding wheel are
150 mm and 8 mm, respectively. The lubricating
suspension composed of fine graphite power and
polymer binder, applied by means of ultrasonic
oscillation for even deposition onto the surface of
brazed ¢cBN wheels. The used polymer binder is
polyvinyl butyral, which offers the desirable
properties of high cohesive strength between
graphite lubricant coating and brazed monolayer
cBN grinding wheel. Since the uniformity of the
suspension is known to affect the performance of
the lubricating coating, this suspension uniformi-
ty is guaranteed based on quality checking for
both the particle size of graphite as well as the
weight ratio of graphite to polymer binder. The
particle size of graphite in the suspension is
25 ym. A powder to polymer binder ratio of 1 : 4
(by weight) is maintained during preparation of

the suspension.

Fig. 1  Self-designed and prepared ¢cBN wheel coated

with polymer-based graphite lubricant

2.2 Experimental set-up and grinding conditions

The grinding experiments are carried out on
a horizontal spindle surface grinding machine
(HZ-Y150), in the down-grinding mode. The
grinding wheels used in the experiments are
brazed monolayer ¢cBN wheels coated with the
( described
in Section 2. 1) as well as uncoated brazed mono-
layer ¢BN wheels. Ti-6Al-4V alloy workpieces

polymer-based graphite lubricant
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(30(1) mmXx30(w) mm X 5(h) mm in dimen-
sion) are used for the experiments, under an-
nealed conditions. The wheel surface speed v, and
the table speed v, are kept constant at 24 m/s and
4 m/min respectively. The depth of cut «, is cho-

sen as 0. 01 mm and 0. 02 mm.
2.3 Measurement procedure

During grinding, the temperature in grinding
zone is measured by the constantan-workpiece
semi-artificial thermocouple method™”. Thermo-
electromotive force (emf) signals are captured
and recorded using a NI USB-621X dynamic sig-
nal analyzer. The thermocouple is calibrated
using a high precision quick calibrator. The rela-
tionship between thermo-electromotive force and
temperature is as follows

T=30U error << 5% (D
where U is the thermo-electromotive force, i. e.
the electric potential pulsed by the thermocouple
(mV), and T the measured temperature (°C ).

Grinding forces are simultaneously measured
using a data acquisition system comprising of a
dynamometer ( KISTLER type 9272),

mode amplifier (KISTLER type 5070A), an A/D

a dual

converter, and a recording computer system. The
experimental setup and data acquisition system
are illustrated in Fig. 2. The chosen sampling fre-

quency is 2 000 Hz.

Grinding wheel
N Work-piece
e
.
Copper wire
1 Mica Work- / Signal
— sheet piece processor
Clamping Constantan
1 fixture wire
Amplifier |« | Dynamometer |
Vy Table

Fig.2 Experimental setup and data acquisition system

The microstructure of specimen is observed
using a KH-7700 3DViewer optical microscope.
The corrosive used on the microstructure is aque-

ous solution with 2% HF and 4% HNO,. A

QUANTA-200 (FEI Co., USA) type scanning
electionmicroscope (SEM) coupled with an ener-
gy-dispersive X-ray spectrometer (EDS) is used
for regional micro-morphology visualization fol-
lowed by element energy spectrum analysis of the

grit after grinding.

3 Results and Discussion

3.1 Grinding temperature

Fig. 3 shows the recorded thermo-electromo-
tive force signals using uncoated and coated
brazed monolayer ¢cBN wheels at conditions of
v,=24 m/s, a,=0. 02 mm, v, =4 m/min. The
peaks of the pulses on the signal curves are pro-
duced by the active individual ¢cBN abrasive grit,
while the troughs of the pulses correspond with
the temperature distribution in the contact zone of
workpiece surface. In this study, the grinding
temperature is measured on the workpiece surface
during grinding. The peak thermo-electromotive
forces during grinding using uncoated and coated
wheels are approximately 29 mV and 17 mV, re-
spectively.  Translating thermo-electromotive
force signals into their corresponding tempera-
tures using Eq. (1), this corresponds to 580 °C
and 340 °C, respectively (Fig. 4).

The temperature variation with time for the
two studied grinding conditions is shown in
Fig. 4. As shown in Fig. 4, the grinding tempera-
tures associated with both uncoated and coated
wheels increase with increasing a,. As the force
of chip deformation and the friction between the
wheel and workpiece increase, more heat gener-

leading to increased grinding

[21]

ates, tempera-

tures However, an important distinction is
that the grinding temperatures of the coated
wheel are significantly lower than the uncoated
one, under the same condition. In comparison
with dry grinding using the uncoated brazed ¢cBN
wheel, grinding temperatures decrease by 42%—
47% using the proposed novel coated brazed ¢BN
grinding wheel. Further, with increasing of «,.

the amplitude of grinding temperature increase is
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Fig. 4  Grinding temperature variation with depth of
cut under different operating conditions (v, =

24 m/s, v, =4 m/min)

found to decrease. This may be attributed to the
reduction in frictional heat generated at the inter-
action zone.

Under conditions of v, = 24 m/s, a, =

0.02 mm, and v, =4 m/min, dry grinding Ti-
6Al-4V alloy temperature is noted to be below
450 °C using coated brazed ¢cBN wheel, which is
lower than the burn temperature of the work-
piece. The micrographs of the surface layer of ti-
tanium alloy after grinding are shown in Fig. 5.
No obvious distortion of crystal lattice is observa-
ble on the titanium surface layer. The similarity
of the microstructure of the surface layer with the
parent material (Fig. 5(a)) indicates that the lu-
bricating property of the graphite is effective in
reducing the frictional forces at the wheel-work-
piece interface and also in reducing deformation of
the surface layer of the workpiece. A very thin
layer (<5 pm) of plastic deformation (Fig. 5(b))
is observed to be formed in the immediate sub-

surface of the workpiece.

(a) Lower magnification

(b) Higher magnification

Fig. 5 Microstructure of surface layer of Ti-6Al-4V
using coated brazed ¢cBN wheel (v, =24 m/s,

v, =4 m/min,a,=0.02 mm)

3.2 Effect of self-lubricant

During grinding, interaction between a

grinding wheel and the workpiece takes place in
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various levels, for example owing to grit-chip,
chip-bonding and bond-workpiece, therefore jus-
tifying the need for tribo-coating. Brazed mono-
layer ¢cBN wheels (Fig. 6(a)) play a very impor-
tant role here because of their higher crystal ex-
posure, which provides greater chip storage
space. Average crystal exposure is 70%4—80% of
the grit height. Thus, the scope of creating a
large inter-grit space makes polymer-based graph-
ite lubricant coating remarkably advantageous, as

visualized in Fig. 6(b).

Ve Workpiece

(b) Coated wheel

Fig. 6  Architecture of two different brazed monolayer

¢BN grinding wheels

Fig. 7 shows the morphology of the ¢cBN grit
of the coated brazed ¢cBN wheel after grinding and
the element energy spectrum analysis of the la-
beled point, "A”, on the grit (Fig. 7(a)). During
the grinding process, graphite lubricant on the
top surface of ¢cBN grits is gradually destroyed
(Fig. 7(a)) as a result of the friction between the
wheel and the workpiece. However, owing to the
unique lattice structure of graphite, the direct
frictional contact area between the abrasive grits
and the ground workpiece is decreased, as has
been evidenced by the lower grinding tempera-

tures using coated brazed ¢cBN wheels. The ele-

ments at point A are C and O (Fig. 7(b)), which
evidence that the graphite material coating still

exists on the wheel surface after grinding.

(a) Morphology of cBN grit after grinding
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(b) Element energy spectrum analysis at point A4
Fig. 7 Morphology of ¢BN grit and element energy

spectrum analysis

3.3 Grinding force ratio with respect to volume of

material removal per unit width

To characterize the machining behavior of the
coated brazed c¢BN wheel, grinding forces are
measured during surface grinding at v,=24 m/s,
a,=0.01 mm, v, =4 m/min. Fig. 8 shows the
characteristic time variation of grinding forces
when the material removal rate (i. e. volume
of material removal per unit width V', ) is
700 mm®/mm. The measured forces are used to
calculate the grinding force ratio (F,/F,). The
variation of grinding force ratio with respect to
the volume of material removal per unit width is
shown in Fig. 9. The grinding force ratio re-
mained in range from 1. 45 to 1. 85 until the mate-
rial removal rate reaches 1 950 mm?®/mm. The

steady grinding force ratio by graphite grinding
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Fig. 9 Variation of F,/F, ratio with V',

can be attributed mainly to the retention of grit
sharpness due to lower wear at reduced tempera-
ture. This also substantiates the effectiveness of
solid lubrication using graphite with the proposed

method of coating.

4 Conclusions

Based on the experimental work presented in
this study, the following conclusions are drawn:

(1) The concept of reducing or eliminating
the usage of cutting fluid during grinding is at-
tempted by replacing fluid lubricant with a solid
lubricant, graphite, applied using a novel meth-
od. A comparative performance analysis is con-
ducted to quantify the improved grinding per-
formance of ¢cBN wheels prepared using the pro-
posed method, in grinding Ti-6Al-4V under dry
conditions.

(2) Compared with the dry grinding using

uncoated brazed ¢cBN wheels, grinding tempera-

ture is observed to decrease by 42%—47% using
coated brazed cBN wheel, under conditions of dry
grinding. The microstructure of the surface layer
of titanium alloy using coated brazed ¢cBN wheel is
found to be similar to the parent material, with-
out obvious distortion of the titanium crystal lat-
tice.

(3)The grinding force ratio remained within
the range of 1. 45 to 1. 85 until a material removal

rate of up to 1 950 mm?®/mm.
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