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Abstract: Force measurement and the surface texture characteristics on Ti-6Al-4V have been studied
experimentally at up grinding condition. Grinding of Ti-6Al-4V is tough; because it creates wheel
loading, lumped mass creating, wheel sticking at the time of operation, bur grinding is essential because
it is one of the machining processes which offer better mass production as well as it is techno economical
too. Titanium alloy bar is grinded in dry condition with silicon carbide (coarse, fine) grinding wheel
with the feed variation of 0.1 to 10um and depth of cut variation of 1 to 5 ym. Micro structural
properties are also studied on the grinded surface with the help of digital electron microscope.
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1. Introduction

Titanium alloy (Ti-6A-4V) is known as the ‘Work-Horse’ of the titanium
industry. Ti-6Al-4V is the most widely used titanium alloy. Pure titanium undergoes an
allotropic transformation from the hexagonal close-packed alpha phase to the BCC beta
phase at a temperature of 882.5°C (1620.5°F). For this reason, it has good mechanical and
excellent machinability properties. For low to moderate temperature application, its
performance is quite well. Beside this, low weight ratio, high strength, and corrosion
resistance inherent to Ti-6Al-4V alloy has led to a wide range of successful applications. It
is typically used for aerospace and racing car industry, Biomechanical applications,

automotive industry Chemical industry Marine applications and Gas turbines.

Biocompatibility of Ti-6Al-4V is also excellent. It is a (1+B alloy which can be heat treatable
to achieve increase in strength. Grinding of Ti-6A-4V is tough because it creates wheel
loading, lump mass creating, and wheel sticking at the time of operation. But grinding is
essential because it is one of those machining processes which offer a better mass
production. it is techno economical too. When titanium is alloyed with small amounts of
aluminium and vanadium, typically 6% and 4% respectively, by weight, this mixture has a

solid solubility allowing it to undergo precipitation strengthening.

Paranjpe, Avadhoot ! did a study with Cooling Fluid- Water based emulsion (Up grinding,
wheel speed 23 m/sec). They found in case of Ti-6Al-4V the ratio F, / F,1.5-1.8 and no

significant severe tool wear. Another study” proved that solid lubricant also works fine
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with SiC grinding wheel and also found that Graphite reduces 30% specific energy
consumption almost& considerably reduce friction. C. Ohkubo, I. Watanabe ** did an
experimental study on performance of Ti-6Al-4V alloy on surface grinding using chip
formation and found that with the help of cryogenic cooling wheel adhesion reduces and
Surface integrity improves distinctly. Long ribbon like chips is formed that indicates good
surface finish. Turley”” did an investigation on the factors which affects surface finishing on
grinding of titanium alloy (Ti-6Al-4V). Several similar types of research also carried out in
order to select proper method of cooling during the grinding process *”). In MQL grinding
Synthetic oil gave better surface finish but vegetable oil gave better cooling effect.

In this context, this work investigates the surface morphology of Ti-6Al-4V alloy with
digital microscope, after surface grinding with silicon carbide wheel under various cutting

conditions.

2. Experimental Facility

The experiment is carried out on a surface grinder. The surface grinder is
available in Manufacturing and production Engineering Laboratory, Dept. of Mechanical
Engineering, Birbhum Institute of Engineering & Technology. All the details of

experimental techniques, models used are given below.

A. Dynamometer Description
The surface force measurement is carried out with the help of precision digital

dynamometer. The details of dynamometer are described below:

Digital I/O
PCI/PXI-6527...cccvueiererreeererenreracnenns 24 optically-isolated digital input channels and 24
solid-state relay output channels
Max input voltage .......ccccoveeveerevreeccnennen 28 VDC
Isolation........cceeevereereeerennennn, 60 VDC (channel-to-channels)
Output capacitance .......cceevevvevevucnencnn 55pFatl1V
Max switching voltage
ACi.cnes 30 VRMS (42 V peak)
DCeeeeeeeeeeeeeeeeeas 60 VDC
Max switching capacity ......ccccoeevereunnee 120 mA
Common-mode isolation ..........ceccceunenee. 60 VDC
Relay set time (Max).......coeeevevrerevcrerrunee 3.0 ms
Relay reset time (max)........coeceeururinnnnen 3.0 ms
Power-on state ... Relays open
5V INPULS..eovireerrrrrireerrieerieeeeeeens 1.5 mA/channel max
24 V inputs.....cevvicneiicneienns 8 mA/channel max
Physical

Dimensions (not including connectors)
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PCI-6527....ccoviviiiiniciiiriicinnes 17.5 x 10.7 cm (6.9 x 4.2 in.)
120G 1. A 16 x 10 cm (6.3 x 3.9 in.)
I/O cONNECLOL.......oveeerriecncnererecnennne 100-pin keyed female cable connector

Power Requirement

Power available at I/O connector............ +4.5 to +5.25 VDC, fused at1 A

To prevent the dynamometer from overheating, PXI chassis has been attached fans to
handle which is 25 Watt per slot.

B. Digital Microscope details

I. DE5.0M Digital Eyepiece; CD-ROM of software and manual files; » Adaptor ring
«USB2.0 Cable.

II.  32-bit color display at 1024x768 (64 MB video memory).

III. DirectX 9.0C or higher.

C. Surface Grinder Specification
All the experiments were conducted at surface grinder.The wheel speed is fixed at 2800
RPM on 50 cycle supply. The size of the grinding wheel is specified as 210*20*31.75
mm. Silicon carbide is used as the material of grinding wheel in order to reduce the
wheel loading problem while grinding Ti alloys. The schematic diagram of the surface

grinder is shown in Figurel.

Unit Description

Crass Feed Assembly

8 Valve Block & Fiungs
9 Wheel Flange Unat

U | Motor Drive Unit

1 Power Pack Unit

2 Electrical Unn

3 l S1d. Equipment & Tools

Figure 1: Schematic diagram of Surface Grinder
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3. Experimental Procedure

The study is mainly focused on the surface topographical features. However,
different measured force component has also been presented here.
For this experiment SiC grinding wheel is used, but question is why it is been used for this
particular experiment? The answer is SiC wheels are both harder and chemically very stable
against non-ferrous alloys (the green type). Though we have two more options, Diamond
and Cubic boron nitride but it is costly so cannot used in a techno economical process.
The grinding bed was fully magnetic but titanium has negative magnetic effect. So to
neutralize the huge amount of force produced while grinding the solution was to fix the
titanium bar in a fixture made of mild steel which has positive magnetic effect.
First of all, an AUTOCAD model of the fixture has been made and then manufactured it
using various machining processes like removing extra material by abrasive cutter, grinding
on HMT for better surface finish and drilling for holes which is used for alien bolts for
gripping the titanium bar. Then inner threads are made by means of tapping. Fixture fitted

with the work piece is shown below in Figure-2.

S

Figure 2: Work piece with fixture
Then this fixture fitted with workpiece is carefully placed in the bed of of the surface grinder
and it is further engaged it magnetically. Then the digital dynamometer is connected with
some suitable arrangement to the workpiece in the bed of surface grinder. This whole

arrangement is shown in figure 3.

Figure 3: Fixture with Dynamometer fixed in Magnetic bed

Process parameters of this process are as follows:
® Condition- Dry
®  Process-  Up Grinding
®  Feed Variation- 0.04 to 0.4 mm
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® Radial depth of cut- 1 to 5 um
® Dresser- Single point diamond dresser
®  Depth of dressing- 0.0lmm

®  Dressing feed rate- 0.1 (mm/revolution)

4. Result & Discussion

A. Force Measurement:

Grinding is one of the effective machining processes. The ability to calculation of
grinding force is important in many aspects of grinding. Proper process optimization,
coolant system design, monitoring and control, is required. Compared to other
machining processes, surface grinding requires large energy per unit volume. Let’s for
say, for the same amount of material removed, grinding takes much more energy and
force compared to other machining process. The magnitude of the grinding forces and
specific energy requirement are also very important indices of grindability. Work piece
accuracy mostly depends on the force and amount of effective cooling arrangement.
Temperature also plays an important role here. High grinding force implies machining
tools wear faster. Compared to the other machining process, grinding requires much
larger cutting forces (5-10 times) specific energy for same work material and same
material removal rate.”) Grinding force can be further divided into normal component
and tangential component (Fy and Fy respectively). The grinding wheel is also subjected
to the same forces as reactions but obviously in opposite direction. The grinding forces,
Fy and Fy are very much analogous to the P, and Pyy of turning process. In conventional
turning process ratio of Pyy is half of P,. But in case of grinding process, Fy is always
much greater than (1.25-2 times) Fy*" The ratio of Fyto Fy here in this experiment is
2.1 for grinding depth of 2pm, which is quite similar to the theoretical prediction. This

is mainly due to the effect of penetration of grits into the work piece.

40
Fy = Normal force component= 37.8 N

F, = Tangential force component= 18 N
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Figure 4: Comparison of Grinding force components
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Figure 5: Grinding force ratio vs. Grinding depth

Grinding force ratio could be written as Fy /F and expressed as [14],

Fyu/Fy= (/1) cot B+p;
Where B is the average value of cone apex semi-angle for grain cutting edge, and p is the
actual coeftficient of friction. From Fig.4 it can be concluded that, as depth of grinding

increases, it leads to an increase in the penetration of grains in the zone of contact of the

wheel and the work piece, which increases the grinding force ratio actually.
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Figure 6: Specific tangential grinding force vs. grinding depth

Figure-6 shows the variation of specific tangential grinding force which is defined as the
tangential force divided by the width of grinding with grinding depth in dry condition.
From this figure it can be concluded that with the increase of grinding depth, tangential

force increases almost linearly.

5. Surface Morphology
Surface morphology on the ground surface of a Ti-6Al-4V alloy in dry condition

has been investigated with the help of digital microscope and these results are compared
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with different literature. Some common observations of this investigation are like surface
damages due to rubbing of abrasive grits, plastic deformation, side material flow, and re-
deposition. Re-deposition is a process of adhesion and Welding of fine chip particles. Due
to strong affinity of Ti alloys towards oxygen, nitrogen, carbon, it will undergo chemical
reaction when they are in contact with each other. This chemical reaction would lead to a
strong bonding of metal onto the top of the abrasive grits as this grits pass through the
cutting zone. It will form an adhesion layer on grits and the layer increases gradually with
time. In grinding, material removal is accomplished by different mechanism. These are
discussed below in the context of this present experiment. Fig. 7a to 7d represents digital

microscope images of the machined surfaces after various cutting conditions.

Abrasion

Figure 6a
Abrasion: It can be seen that machined surfaces present some scratches and grooves left

by the abrasive grains which are irregular in nature.

Rubbing

Figure 6b

Rubbing: Here two different modes of rubbing are spotted. In some spots where grit
thickness reaching critical thickness due to rubbing by the tip of abrasive particles and

some spots having rubbing of wear flats along the entire grit path.
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Adhesion

Figure 6¢
Adhesion: Here some spots of rough and plastically deformed metal bands are observed
which the result of high temperature oxidation is probably. Therefore metal from one

surface are also trying to adhere to ground surface. When grinding a titanium alloy with a

silicon-carbide wheel in dry condition, adhered metal layers will be formed with a thickness
[10)

of 2 pum or more as a result of adhesive process on the treated surface

Ploughing

Figure 6d
Ploughing: Any ground surface would usually consist of grooves produced by

ploughing''®’. Side wise displacement of work material is spotted due to high negative raked

and pyramidal shape of abrasive grits. The chips that produced are leafy in appearances.

6. Conclusion
The following conclusions have been made based on the present investigation:-

®  The surface was observed after grinding in dry condition with depth of cut = 5 um,
suggesting that this material was subjected to severe plastic deformation under this

machining condition.

®  From the morphology of the machined surfaces, it is evident that strong adhesion of
chip to abrasive grain took place due to dry grinding. Some surface damages are
observed in dry grinding which indicates grit wear of abrasives. The predominant of
material removal mode is observed to be adhesion and plastic deformation. Also, in
some cases re deposition of material is observed on the ground surface (Fig.4a and
Fig.4c).
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®  Micro cracks on the ground surface were not detected after machining in dry
condition as depth of cut is low (5pum) where for higher depth of cut micro cracks are
seen even with MQL technique. "' Turley [5] has investigated the factors that play
influence on finishing during grinding of several grades of titanium alloys, stated that
cracking occurs mostly on the re deposited material layers on the surface, and that they
are formed when this layer is subsequently cooled. Redeposited material on the
machined surfaces was also observed in the works carried out by [12, 13], who have
evaluated the performance of conventional coolant and MQL techniques in grinding
of titanium alloy in different cutting conditions. For this present experiment, although

re deposition marks are spotted clearly but no micro cracks are observed.

®  For dry grinding condition, specific tangential grinding force is small for low radial
depth of cut ™, so for low radial depth of cut, dry condition can be recommended. For
this low depth of cut machining, it is even better compared to conventional flood

cooling due to the effect of hydro dynamical of cutting fluid flow.!"”’
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