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1. INTRODUCTION

The demand of new materials for a specific functias increased significantly for the recent yebrsaerospace
industry, for example, they are looking for matkeviéth high strength to weight ratio. Further, fsuch component
that works at elevated temperature, they need @riahthat can retain its properties at high terapge. In

addition, the material which has a corrosion ragist is an advantage. Titanium alloys have answbese three

requirements. Titanium alloys have ratio of strénigt weight three times than that of steel [1]. Thest widely
used titanium at the moment, Ti-6Al-4V, is ablentithstand at 40 for long time. Titanium alloys also have hig
corrosion resistance [2]. Furthermore, titaniuroyslare biocompatible [3].

Apart from the advantages, titanium alloys are amiba difficult-to-machine materials due to the fhat the tool
would be quickly deteriorate. Some reasons hava bgplained by previous researchers on why it haggheFirstly,
titanium alloys have low heat conductivity, by white heat emerged from the machining procesdwitlbsorbed by th
tool, work piece and chips at the comparison ofl80and 10% respectively [4]. Therefore, the teatpes of the tool that
will be increased consequently will get weakendds Tact is in contrast to that of steel wherehbat is absorbed 80% b
the chips, 10% by the tool and the rest by the \p@ke. Secondly, titanium alloys have high affifii], that means thes
alloys have a tendency to easily react with othetlerials. Machining results in chips as a by-prodlicese chips tend t
stick on the hot surface of the tool and creatailalp edge (BUE). Lastly, the titanium alloys deto be a springy behaviol
which mean during machining, the material tendetaglve like a spring — extracted when tool is patiety the material an

www.tjprc.org SCOPUS Indexed Journal editor@tjprc.org



1080 Mahros Darsin, Dedi Dwilaksana, Timotius PasaggZhan Chen

back to its normal position after penetrating Téjerefore, the intended surface would not be edtgweed.

Attempts have been carried out to develop macHibabif titanium alloys, whether they concernedtbe tools
such as using harder tool for machining [7] or wagythe tool design [8]. Other researchers appffedint types and
methods of coolant to reduce the heat and pradtectopl from premature failure [9], [10]. Some r@®ders are concerned

with the changing microstructure and mechanicaperties of the titanium alloys prior to machinifid], [12].

One of the newly introduced titanium alloys namigghtum alloy 6AI-2Sn-4Zr-Mo or usually shorted Bis6246
has some advantages in compared to the most pojitaiaium alloys in the world, Ti-6Al-4V. Ti-6246simore heat
treatable [13], meaning, it potentially increasts machinability by changing the microstructure @¢hd mechanical

properties. It is also more corrosion resistant,[f¥at lead to potentially be used for sea watgr @orrosive environment.

This paper is concerned in heat treatment of TiE62drior to drilling and it potentially increaseset

machinability from aspect of hardness alteratidnips formation and forces that work during drilling
2. METHODOLOGY

The Material: A bar of 56 mm in diameter of titanium alloy 6246 used for this experiment. Unfortunately, the
processing method and the heat treatment of thisnese untraceable. This bar was noted as recg&]), which
nominally comprises of 6% aluminum, 2% tin, 4% aimwm, 6% molybdenum and other impurities less &% and
the composition is titanium [2]. The bar then maeki to the dimension of 25 x 25 x 35 mm in ordéittthe fixture. Heat
treatments were carried out with different tempameg and cooling methods; however, the holding timeee kept the

same for 3 hours to ensure that the microstruatniferms all sides of the block.

Hardness Measurement:Micro Vickers hardness machine was used to meabeardardness of the blocks before and

after heat treatments and also the chips, with &§dd0 g for 10 s.

Tool used The TiAIN coated carbide of 10 mm was used fdllidg. Other key specifications of the drill biteapoint
angle, helical flute angle and clearance angle4éf,130 and 7 respectively. The drill bit was inserted on theSH®ol

shank with the same helical flute.
Machine used A universal milling center was used for drillitige blocks.

Forces Measurement The block was mounted on the fixture and themplad on a Kistler dyanometer to measure the
forces that work during drilling. This dynamometeas fixed on the machine bed and then connect&®Ctoutside the

machine to record and display the forces.

Microstructure Observation: Both optic microscopy and scanning electron ngcopy were carried out to observe the
microstructure of the before and after drilling aaldo the chips. Prior to observation, the blockseaground, polished,
mirror polished and then etched with HF solutioritiWegard to the chips, it was clamped on a brigg and then hot

mounted in a thermosetting plastic. The next stdprie observations was the same as that was ddhe bdocks.
3. RESULTS AND DISCUSSIONS

Discussions following the results are presentetiénfollowing paragraphs:
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3.1. Heat Treatment

Ti-6246 is among the + B alloy, therefore, there are three possible micuestires according to the temperature
presented iniflure 1. At upper its beta transus temperaturs, dioy in form offf phase, while it will be i +  phase
below this emperature. Withirn + B phase, it possible to form a martensié) (when the cooling stage passed
martensite start line (Ms). For this research, ble¢éa transus temperature is determined a<C [2] though another
literature mentioned as 9%5[15]. With regard to Ms temperature, it is related wlyhdenum ontent, but not depend on
the quenching rate as presentediguife 2[17]. The Mo content of this alloy was calculated adowgy to the following

formula [18].

Mo(eq.) = 1.0 [Mo] + 0.22[Ta] + 0.28[Nb] + 0.44[W] + 0.67[V] + 1.25[Cr] + 1.25[Ni] + 1.7[Mn] +
1.7[Co] + 2.5[Fe]

Mo (eq.) of Ti-6246 = 6%.

Interpolation ofbetween Mo contents of 5.75 and 7.1% results irp&ature of Ms alloy of this alloy to |
662C. The heat treatment temperatures, idetermined at 595, 870 and 985s the representative of temperature Ic
than Ms, between Ms arfdtransus and upper tifietransus correspondingly. It is emphasised thathimsen temperatur
were the temperatures in which the samples wertethesithe holding time of three hours. Following the egt the

samples were cooled by three possible methodsir(iace cooling, (ii) air cooling or (iii) water gaching
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Figure 1: Plotting of Potential Temperatures of Heat Teatments
for Ti-6246.
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Figure 2: Effect of Molybdenum Content to Temperature of
Martensite Start (Froes).

3.2. The Microstructures

Microstructure of each sample after heat treatmantzresented iffigure 3. It is apparent that heat treatment ai'C
(below the Mgemperature) did not change the microstructureomparison to the -received condition regardless of
cooling methods applied. Heating at this tempeeatid not change the alloy phase. Therefore, therastructure:
remained the same to the as-ieed. At heating between Ms arfil transus temperature, a significant differenct
microstructures can be seen as effect of differ@mplied cooling methods. The furnace cooling resulin the
microstructure similar to that of aseeived one. A finer rcrostructure was achieved by applying air cooling ao dic
the as water cooled sample. Completely differentrasiructures were resulted from heating at C followed by
different cooling method. In case of furnace cagliit performed a Widmanstat! o structure witha phase present ¢
prior B grain boundaries. The second case (air coolimng)lted in the equiaxed and transforme@ microstructure. Th
last case (water quenching) generated martensitictare with prior boundaries. Result of t third case is comparable
to that of Ti-6Al4V which were heated at 9'C for 1 hour, then followed by the same coolingmel[19].

Longitudinal Views

Temp (°C)

Increasing cooling speed

Figure 3: Microstructure of the Specimens after Different Heat
Treatment.
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3.3. The Hardness

Figure 4 presentethe hardness of the specimens after having diffeheat treatments. Most of the heat treatn
contributed in increasing the hardness. A significeacrease in hardness was resulted from heatnieza at 98°C
regardless of the cooling method appl Only heat treatment at 97D either followed by furnace cooling or wa
quenching resulted in decreasing of the hardnessaNignificant decrease in hardness also prodogétating at 5¢'C
followed by air cooling. However, as previously alissed t microstructure section that the microstructureeigtively
same with aseceived, this temperature would not be used fahéu analysis. The drillability of a material ifexted by
microstructure as well as the mechanical propertiesefore, irthe rest of the paper, discussion would be comgdaar
conditions: (i) ageceived, (i) HT1: heating at 8'C followed by air cooling, (iii) HT2: heating at 8'C followed by
water quenching and (iv) HT3: heating at ‘C followed by furnace cooling.

Hardness (in HV) vs Heat Treatment

150 1
400
,:_:_:;I;n 318 324 315 3g7
I 300
@ 250
Ezoo
E 150
T 100
50
0
& g
99ﬁ§§f§§ﬁ
)
& F e TP o,‘g’qfé"

Heat Treatments

Figure 4: Hardness of the Specimens after Different Heat
Treatments Compared to as Received (AR).

3.4. The Chips

Some different forms of chips were recognized ademt fromfigure 5. However, as a general pattern, the chipsre
serrated form. It compounds of segments, saw-like, with peaks and cliffs with a clear partitibetween each segme
It is obvious from igure 5 that heat treatment affects the chips fdvlicrostructure observation proved that all ct
experienced grain elongation compared to as blebtrb drilling. This grain elongation happened ooly at the priman
shear band but also at the secondary shear bamdhdiiness of the chips also deced except for the as-received
condition (figure5a). The chips of as HT3 encountered the most sdveducing of the hardness (from 382 to 291 t
while the chips of as HT1 and HT2 faced a modenatiecrease of hardness. The decrease of the digeess may be

related to the strain softening, a behavior in Wwhite shear stress reduced during continuous @ldstormatior[20].
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Figure 5: Chips Variation Following Heat Treatment Prior to Drilling.

The degree of serration was introduced by somerelsers[20], [21] & [22] as a value to measure how eas
chip will be broken. The higher th#egree of serration, the easier the chips to britahematically, the degree

serration was calculadl using the following formul
Gs == x 100% 1)

Where, Gs represents the degree of serration, tHeiglistance of the top of the hill to the basehe chip
and C denotes the distance between the bottomadiidfthe chip base as presented infigure 5-a. The calculation
was carried out on about twenty chips segments,thed taken the average. The result is shown infigure 6.
From the serratiordegree (Gs) perspective, the higher is preferalmedrilling, a long and unbreakable chip
avoided because it will twist on the drill body. @a way out from the hole, a long chip may scratih drilled
surface and left undesired mark on it. Thore, it would result in a rougher surface. It isvimlus that from the

degree of serration, the HT3 material is promisasghe highest drillabilit

Degree of serration vs heat treatment
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Figure 6: Degree of Serration of Different Heat Teatments
3.5. The Forces

Two main forces that workuring drilling, the thrust force (Fz) and torqudz). Both are presented in the figure
Thrust force is the force that works in line witietZ direction, while torque works in accordancéhvihe rotation o
the tool. Chip is formed by the shear fe ([cuuing Which ploughs the material and separates the ftbip the mair

material (fgure 7a). The serrated form of the chips was dueeériodic thermoplastic shear fluctuation wh
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happens in the primary shear zone. A SEM obsematsult on the chip is presented in the figure T-is apparent
that the chips experienced grain elongation atomdy at the primary and secondary shear band Isat @i the middle

of a segment.

Figure 8 shows the recorded thrust force and todyuéng full drilling cycle. With regard to thrusbrce, HT3
results in the lowest among other treatments. Euntbre, it also created a steady and the leasufited one. Moreover,
the torque of drilling of HT3 is comparable to thditthe AR and still the lowest in compare to thstrof other treatment.
Therefore, from the force perspective, the HT3 mialtés also promising as the highest drillibility.

18 Smm = D0 SE{M) 200

Figure 7: Mechanics of Chips Formation in Drilling (a) and Typical Chips
form with Shear Bands.
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Figure 8: Plotted of Axial Force (a) and Torque (b)of Drilling with
Different Heat Treatments.
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Figure 9: Average of Axial Forces (a) and Torquedh) with the
Blocks being Heat Treated Prior to Drilling.

3.6. Further Discussion on the Chips of HT3 Materib

The HT3 resulted in a microstructure that was cetgty different from other heat treatments andabkeeceived. The

microstructure is a transformed beta with priorabebundaries (figure 10-a). A tiny continuous alfiila is exist at the
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grain boundaries [19]. When it is compared to otitaniuma + B alloys, this current microstructure is similarfto6Al-
4V or Ti-5Al-4V when they were beta annealed [12].

p— T

Figure 10 Microstructure of Ti-6246 after Hea Treatment of 985 C for
Three Hours then Furnace Cooled (a). The Chips and clear Grain
Boundary that were Cut along with Chips Formation ).
The most significant different of its microstruatuis the giant size of the grain boundary, whichched about
500 microns. Change of grain size may affect tldystrength because the movement of dislocatiterdnts with the
grain boundary. The grain boundaries hinder thdirgji of dislocation along the slip planes. The geclting dislocations
that slide along the same slip plane will be acdated at the grain boundary. When the grain bouedare extremely
big, then the number of boundaries will be reducazhsequently, the cutting force would also be cedu Machinability
is also affected by grain size (and grain boundamy)he case of steel, the coarse grain size el for rough machining
is favored while fine grain size is a better maatunfinish [26]. This is the most likely the expktion why the HT3

material needs the lowest forces for drilling imyzared to other heat-treated materials.
The cutting of grain boundary was revealed in sohips as shown in figure 10-b.

CONCLUSIONS

From this study, some conclusion may be withdrawn:

* Heat treatment gave effect significantly to the haetdcal properties and microstructure of Ti-6246e Theat
treatment below temperature of 662would not change the microstructure regardlessctioling method. The

heat treatment above 9@Dwould change the microstructure to the baskeeviasm.

«  Among the variety heat treatment methods, heatrerats at 98% for three hours followed by furnace cooling
resulted in the best drillability of titanium 62&®m chips formation and forces point of views hg reason that

the degree of segmentation of the chips is thedsighnd the forces needed is the lowest.
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