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ABSTRACT:

Drilling of NiTi alloys under two lubricant-coolanstrategies; namely flood and minimal
guantity nanolubricant; two types of carbides dyithnd three cutting speeds was investigated.
Progressive tool wear, tool-life, drilling thrustrée, surface finish quality, and dimensional
accuracy were considered. Experimental resultsesigbat the application of minimal quantity
nanolubrications with coated carbide drills outperied the flood lubrications with uncoated
carbide drills. These results were pronounced tdtirgg speed of 10 to 20 m/min, whereas,
accelerated tool wear, high thrust force, and loal life were experienced for 30 m/min cutting
speed. Despite of some promising results obtaimedh fthe supply of minimal quantity
nanolubricants, this approach was found to be éw#ffe towards improving surface roughness

and hole diameter accuracy.
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10 INTRODUCTION

Recognitions of shape memory alloys (SMAs) amorsgaehers and industry players
have been steadily up surging in the last few desadnique properties of SMAs suited them as
excellent materials for several noteworthy appia#. This includes sensors and actuators for
automotive parts; vibration dampers and retract&biding gear for aerospace components; as
well as implants and stents for biomedical domaimsapplications [1-3]. Research and
development of this unique material cover from higtmperature shape memory alloys,
magnetic shape memory alloys, thin film shape mgmuaterials, and shape memory polymers.
Basic working condition of these alloys is relatwsimple, in which, the metal alloys can be
readily deformed through applications of exterra@cés, as claimed by Jaronie et al. [1]. The
authors also explained that SMAs can contract cover to its original form after being heated
beyond a certain temperature level either by eateon internal heating; or through other
relevant stimuli such as magnetic fields [1]. Thasinsic properties, along with the shape
memory effect and the pseudoelasticity behavioarsemade these materials highly exclusive

than other engineering alloys counterparts [2].

Among many existing SMAs, NiTi alloys are most dewiale materials and gain a
substantial attention by a number of researchehés 15 mainly due to their remarkable
mechanical properties, which include high supetei&g shape-memory effects, good corrosion
resistance and high ductility with excellent meabalstrength [1,4,5]. Besides, these alloys also
hold a unique capabilities of “remembering” andttiraing” to their original conditions [1,5].
These properties provide benefits for biomedicaimeering applications, especially in human
body such as artificial organs and implants, sime@an body experiences stress changes during
daily activities. Nonetheless, Hsieh et al. assetteat impediments toward a comprehensive
development of NiTi alloys are attributed to ditfites in manufacturing process, particularly
during machining or cutting processes [6]. Many mkvious approaches through non-
conventional machining processes such as laserirfgrrelectro-discharge machining, waterjet
machining, and electronic chemical machining hasenbsuccessfully studied and implemented
for cutting and shaping of the NiTi components {8 Despite of these research outputs,

Kaynak et al. stressed that industrial implemeatatf non-conventional processes for every



component made from NiTi alloys may not always bkievable due to cost implications and
lack of technological capabilities [10,11]. In tls&#nse, conventional machining is still inevitably
for material removal of these alloys into a rangegeometrical shapes and sizes as well as

dimensions.

Previous experimental studies on conventional hgrdf NiTi alloys showed that rapid
tool wear and low cutting tool life expectancy dmminant machinability factors that need to be
fully addressed [10,12]. For example, Kaynak etdamonstrated that cryogenic cooling had a
profound effect on controlling and reducing the ederated tool wear rate as compared to
minimal quantity lubrication (MQL) and dry cuttirj§0,11]. Similar authors further explained in
Refs. [13,14] that in cryogenic machining, the grlapundaries of NiTi alloy were deformed into
martensitic state, in which onset of deformationured at a relatively low stress. Work material
hardening was small or negligible for the first plaupercent strain due to twinning mechanisms.
The reseachers also claimed that these propertmsy avith extremely low cryogenic
temperature were favourable toward a proper chipm&tion due to smaller tool-chip contact
length [13]. Kaynak et al. emphasised that, uniikecryogenic machining, chip deformation
behaviours in dry and MQL cutting were highly complit was also stressed that a combination
of slip, deformation twinning, and unrecoverableess-induced martensite formation existed,

which were less favourable toward a proper chimfog processes [13,14].

Even though tool wear alone can be considered a&sobrnthe parameters affecting
machining processes, it has a notable and dirguadimon overall machining performance and
product quality such as surface roughness and caurfategrity. For instance, Weinert and
Petzoldt [2] claimed on surface hardness integnitgrovements of the NiTi alloys through the
application of optimum cutting speed and tool amgiin drilling the alloys despite a rapid tool
wear that occured. As asserted by the authorsgductien of cutting force in the shear cutting
zone was substantiated since friction between amol workpiece was alleviated by the hard
coating on tool substrate [2]. However, a contrmdcresult was later reported by Guo et al.,
when the researchers studied the influence ofngupeed and feed rate on surface integrity
characteristics of NiTi alloys during milling preese[15]. The results showed that there was a

lower hardness near the machined surface (whichattabuted to the surface roughness) as



compared to that of the white subsurface layer ¢tvlwas resulted from changes in the austenite
phase of cubic hard and rigid geometry) [15]. Ireeent reported literature, machinability of
nickel-titanium (Nitinol) shape memory alloy wasclissed in term of optimum cutting speed
that led to the minimum Von Mises and shear steessgteria [16]. ANSYS/LS-DYNA R15 was
applied in the finite element simulation througle iimplementation of SOLID164 3D element.
The authors reported that resultant stress walseifiowest amount of 3.6 x 10/m? when the
cutting speed reached 109 m/min. As claimed byrélsearchers, that a slight difference of 9%
between finite element simulations with experimedtta existed, which was a clear indication
of a very good fit [16].

Among many conventional machining processes, agilbn NiTi alloys is an equally and
increasingly important for fabrications of biomealicomponents. Holes are required on spinal
rods, spinal vertebral spacers, implants, extensipnings, etc [3]. These components are
typically assembled to other main parts, and hedoked holes should not have any burrs for
such applications. However, a previous study regpbthat while machining nickel titanium
alloys, a large amount of materials were not sepdrérom the workpiece and appeared as
several layers of material or burrs [17]. Shyha hisdcolleagues also found in their study that a
large exit burr was formed as a result of drilliag unsupported specimen of Kovar shape
memory alloys [18]. Optimum burr size was obtaindten smaller tool diameters and lower
feed rates were used, whereas very limited impad @bserved when increasing the cutting
speed [18]. The exit burr heights were reportedeaawithin the values of 0.44 — 2.42 mm and
0.14 — 0.75 mm, respectively for unsupported ampsted Kovar shape memory plates. From
these results, it is obvious that smaller burrsewsstained when the Kovar shape memory alloys

were supported at the back-end during drilling pesc

Due to temperature dependent and stress induces pfzasformation of the NiTi alloys
during machining, it must be stressed that coolamgl lubricating conditions; apart from
machining parameters and tooling factors, shoulddsefully considered due to rapid tool wear.
Our previous studies have reported a significard positive effects of minimal quantity
nanolubrication on progressive tool-wear, tool,léad surface roughness during machining of
AISI 1050 and titanium alloys, Ti-6Al-4V [19,20]. part from these studies, Dambatta et al.



showed that the application of MQL with silicon xide suspended nanoparticles had a
profound effect in reducing grinding forces, wolqe surface roughness, surface damage, and
wheel wear [21]. The authors attributed these tedwol a formation of thin tribo-film on the
surface of grinding, which allowed better slewirdi@n and material removal. Therefore, it is
hypothesised that similar effect for the nickedtium alloys can be attained. However, scientific
experimental data on drilling of these NiTi alloysder minimal quantity nanolubrication are
still lacking or underreported. In this current dstu the focus lies in the experimental
investigation on the effects of lubricating conalits such as flood and minimal quantity
nanolubrication on the progressive tool-wear groeticoated and uncoated carbide drills, as
well as drilling thrust force. Surface roughness @mensionally accuracy of the drilled hole

were subsequently determined for evaluation ofitileng quality of the NiTi alloys.

20 EXPERIMENTAL PROCEDURE

2.1  Workpiece material
The material used in this experiment was NiTi akdyb0.2 and 49.8 (at%) from Nickel

and Titanium elements, respectively. The alloy weguired from Kellog's Research Lab, USA
and it was received as a plate of 500 x 150 x 10imikangth, width and thickness, respectively.
A wire electrical-discharge cutting process wasdugetrim the plate into drilling specimens
with approximate size of 94 x 70 mm. This was deadhat the sample can accommodate the
working space of the cutting force dynamometer aad be securely fixed in a specially
fabricated channel jig. The alloy was used or elflilas received without any heat treatment

carried out on it.

2.2 Cooling and lubricating conditions

A number of research studies have reported onuit@bdity of adding nanopatrticles in a
base fluids for various machining processes sucbriasling, milling and turning. Frequently
used nanoparticles, as reported in the literaindude molybdenum disulphide, copper oxide,
silicon dioxide, and aluminium oxide. In this stu@uminum oxide (AIOs) nanopatrticles of <
50 nm particles size were chosen. 0.4 wt% of thiegbes were prepared and mixed with a water
soluble cutting oil (SolCut). The mixing of the ting oil with the nanopatrticles was performed

at a temperature of 18-23 °C using an ultrasogigdi processor for a duration of 4 hours. 1% of



sodium dodecyl benzene sulfonate (SDBS) was indudé the nanolubricant in order to
alleviate any agglomeration in the mixture. Thisseund in our previous studies when turning
AISI 1050 hardened steel and titanium alloys atedtin Refs. [19,22]. To ensure a uniform
mixing, the ultrasonic processor was set at 100ckMput power with an amplitude frequency of
25%. The prepared nanolubricants were deliveredutting or drilling area under near dry
condition using a UNIST Minimal Quantity Lubricaticystem at a flow rate of 50 ml/hr, which
was a typical setting used and recommended in alestrdies reported earlier [19,22—-24]. One
nozzle was placed near the tip of the drill, whetes other one was close to the drill cutting
edges so that the lubricants can be deliverd efftty near the tool-chip interface. For
comparison purposes, flood lubrications using Saeater soluble fluids) were also considered

in the experimentation.

2.3 Setup and drilling parameters

A three-axis CNC milling machine was used for thdlidg experimentations. As
depicted inFigure 1, each of the through holes were drilled on a regéar NiTi plate. To
avoid any vibration or chatter, the plate was selguand tightly clamped onto a specially
designed channel jig. Drilling process was carpetl under three cutting speeds of 10, 20 and
30 m/min with a constant feed of 0.02 mm/rev. Aliptamary test revealed that cutting speed of
higher than 30 m/min led to a rapid failure of thél bit due to excessive chipping and loss of
the main cutting, chisel edges as well reachingtdloé wear criteria or limit of within the first
two drilled holes. Lower speed than 10 m/min wasngled unsuitable with respect to machining
productivity. A constant feed was used due to ssnat negligible influence of this parameter
towards the growth of tool wear. Uncoated tungstarbide drills and coated tungsten carbide
with TiAIN coatings were used for performance puwga It is imperative to be noted that these
two typical tool coatings are commonly tested anchpared in previous research studies of
drilling titanium, nickel based alloys as well asTN[12,25]. With respect to the drilling
performance evaluative factors; the tool wear ghpveturface roughness, and induced thrust

force were measured in this study.

The growth of wear on the drills was monitored gskoptron XST60 stereomicroscope

at 35x optical magnifications. The measurementaofif wear was made for every hole that was



drilled until the flank wear length has reachecdagarage value of 0.2 mm wear limit or criteria,
as recommended by Rival [26]. The IMT Mini imagegassing software assisted in measuring
the wear length and it was determined from theay@walue of each of the drill cutting edges.
As far as the surface roughness is concerned,otligut parameter was measured using a
portable surface roughness measurer, after allingdrilexperimentations have completed.
Measurements were made at four equi-distant latatiddong the hole surface and average value
was taken. A traverse speed of 8 mm/min was emgldge the stylus pick-up. The trend of
surface roughness for all of the drilled holes weorted, so that the effects of tool wear on the
surface roughness can be elucidated. Dimensior@iracy of the drilled hole diameter was
evaluated using Mitutoyo coordinate measurementhinac An average dimensional accuracy
was obtained from the measurements of hole diarma¢tdie entrance, middle and exit locations.
Finally, a stationary Kistl& dynamometer was used to acquire the induced ttiouse at
sampling rate of 1-2kHz. This sampling rate wagtao that any minor variation in the force

signals can be detected.

3.0RESULTSAND DISCUSSION

3.1  Tool wear progress and tool life

Progress of flank wear on both uncoated and coezdeoide drills for feed rate of 0.02
mm/rev and cutting speeds of 10, 20, and 30 m/mainst drilling time and number of drilled
holes are depicted iRigure 2 and 3, respectively. In this study, the flank wear growth both
of the main cutting edges of the drills were meadwat several locations and an average flank
wear length was determined. It is evident thataberage wear length for uncoated carbide drills
were initially very high, with flank wear reachifigl mm within only a few seconds of drilling
or within the first two holes, especially for theeed of 20 and 30 m/min. Whereas, the wear rate
for the coated carbide drills displayed a conststan-in period and was lightly stabilised after
drilling 10 holes. These general observations redethat the coated drills exhibited superior
performance than the uncoated ones in terms of wesstance due to presence of harder
coatings of TiAIN on the carbide drills. This retsiglin agreement with the findings obtained by
Weinert et al. [12] when the researchers investjdhe drilling of NiTi alloys with Titanium
Carbo-Nitride/Titanium Nitride (TICN/TiIN) multicoatg tools. The authors claimed that an
optimum cutting speed of 30 m/min was suitabletf@ aforementioned drilling investigations.

Machining surface quality was also reported to ionprwith a measured surface roughness of up



to 5.9um.

The findings from this study clearly exhibited thadated drills outperformed those
uncoated drills in terms of the tool life criteri@his was assessed in term of the wear length
reaches a maximum flank wear of MR < 0.2 mm after a certain drilling duration (whigh
measured in seconds or certain number of holed)inDrtime to attain this specific tool wear
criteria was estimated to be 1965 and 785 secoesisectively for the speed of 10 m/min and 20
m/min. It is to note that these results were attdinvhen using TIAIN coated drills under
minimal quantity nanolubrications. However, whewoofll lubrications were employed, a slightly
lower drilling time of 1800 and 725 seconds wereorded, respectively for the same drilling
speeds. It appears that,®k nanoparticles play an important role to enhandmidity and
improve friction coefficients of the base fluidsngpared to that of the flood conditions. These
results are in agreement with Park et al. [27wimch the authors reported that nanographene-
enhanced vegetable oil fluids provided superioultesin terms of wettability and a reduced
friction coefficient, which improved tool wear aedge chipping resistance. In addition, Sharma
et al. explained that the nano-sized particlesanofubricant have a tendency to interact with
friction and they are deposited on the contactaserfto form a physical tribo-film that
compensates for the loss of mass due to frictidj. [Blence, it can be concluded that the
nanopatrticles inclusion in the SolCut base fluidswqually beneficial in improving the coolant
properties with that of the flood conditions. Thgeuof minimal quantity lubrication for the

nanolubricants adds to the advantage of a cleanduption or machining environment.

However, as depicted figure 2 and 3, it is evident that the development of flank wear
progressed highly rapid, especially for the highmsgting speed of 30 m/min when using the
TiAIN coated drill. This was observed from th& Hole until the failure of drill at the"6hole.
Drilling time of only 118 seconds was recorded ¢aah the aforementioned number of holes.
This concludes that speed of 30 m/min could bethiheshold to drill the NiTi alloys under the
minimal quantity nanolubrications. Surprisingly,ated drill sustained a longer tool life of 338
seconds or 16 holes for the same cutting speed wWbed lubrication was employed. This
shows that the water soluble cutting fluids undeod conditions was able to penetrate closer or

nearer to the drilling cutting zone to alleviatetion and tool wear for the highest cutting speed



employed in this study. As far as uncoated drilis@ncerned, results shownHRigure 2 and 3
depicted that the uncoated carbide drills were aske for drilling these extremely hard NiTi
alloys due to aggressive tool wear. For the cutsipgeds of 20 and 30 m/min, the uncoated drills
can only be used for less than 180 seconds, whah eguivalent to less than 6 drilled holes.
This was discovered regardless of whether floodmimimal quantity nanolubrication was

employed.

Nevertheless, drilling time can reach 870 seconitls ¥8 drilled holes when the lowest
cutting speed of 10 m/min was employed. This issiant with common understanding that
low cutting speed will lead to longer tool life. iNirespect to the tool wear mechanisms, it was
observed that abrasion was the main mechanismotbr tgpes of carbide drill§igure 4(a-b).
This can be identified by parallel grooves or stras in the direction of the material flow during
drilling process. On the other harkdgure 4(c-d), revealed a large built-up layer or edge (BUE)
on each of the drill cutting edges, apart from se@re chipping and cracking on the main and
chisel edges. All of these phenomenon contributeti¢ tool failure mode and these observation
are in good agreement with the results in RefslJ3,t is to note that the measurement of the
flank wear was extremely difficult and could led possible measurement errors with the
presence of BUE and chipping on the cutting edgssa consequence, measurement of flank
wear was repeated to ensure consistency and validit
3.2  Taylor’s tool life equation

A tool life in drilling process is often describdxy the number of holes produced or
drilled prior to the tool failure. A tool life caalso be described as the time a drill reaches a
predefined wear criterion. Previous section disedgbe growth of flank wear that leads to an
estimation of tool life with respect to drillingie. Figure 5 shows a comparison of the tool life
values obtained for the two lubricating and coole@nditions investigated under the given
drilling parameters depicted imable 2. It is clear that coated drills and minimal quanti
nanolubrications outperformed the uncoated driligerm of the tool life. For instance, when
drilling at an intermediate cutting speed of 20 m/man increment of 88% in tool life was
achieved by the coated carbide drills as compaoethat of uncoated drills with minimal
guantity nanolubrication. In a meantime, the waellablished Taylor’s tool life equation was

subsequently employed to determine the relatiosshigiween tool life and the considered



machining parameters. The development of this émuatso allows prediction of tool life while
drilling the NiTi alloys.

Consistent with the existing metal cutting theotypl wear was found to increase
substantially with a higher cutting speed as shawthe Taylor’'s tool life modelVT' = C,
where V is the cutting speed (in m/mif),is the tool life (in secondsh andC are empirical
constants. Using statistical analysis, the Tayléoal life equations derived as a function of

cutting speedy are given as:
VT 0601=1455 B=099 ........c0eevenn. (1) (Coated drill under floodditian)
VT033=182 R=088 .....cccevvennnnnn, (2) (Coated drill under MQL nano

The Taylor’s tool life equations derived herein evapecifically for the coated drills.
This is due to the fact that performance of coatmtbide drills was significantly better than the
uncoated ones in terms of drilling time as welltls number of drilled holes, as explained
earlier. From the two equations shown above angiiigdfrom theR? values of 0.99 and 0.88, it
can be concluded that the derived empirical egnatman describe experimental trend highly
well. Empirical constanty, for both equations are also very close to thenteg values in the
literature for similar type of tool/ work materiabmbination, i.e. titanium or nickel alloys with
tungsten carbide cutting tool [29,30].

3.3 Drilling thrust force

Effects of cutting speed on the development or ¢incet the thrust force against drilling
time and number of drilled holes are denotedFigure 6 and 7, respectively. Within the early
stage of drilling experiment, i.e. from the firstthe fifth holes, induced thrust forces were ia th
range of 160 N to 250 N under the minimal quamiyolubrications and coated carbide drills.
Further drilling of above the fifth hole led to @y gentle increment in the induced thrust force
for all considered drilling speeds. Under the loteegting speed of 10 m/min, the TiAIN coated
carbide drills induced a maximum drilling thrustde of 327 N. However, unlike the result from

10 m/min of cutting speed, a lower drilling thrdstce of 255N was generated when highest

10



cutting speed of 30 m/min was tested. Apparentlg,ibduced thrust force exhibits a declining
trend of about 22% when cutting speed was raisbdsd results are in-agreement with previous
research of machining nickel-based alloys [31] &@shium alloys [32]. In Ref [31], the authors
claimed that the results were attributed to the hmat dissipation in the cutting zone, which
indirectly reduced the hardness of the materia@nioance material removal process. Meanwhile,
authors in Ref. [32] conceived that a thin bounddny was formed between the tool-workpiece

interfaces when MQL was used, which presentedrafgignt thrust force reduction.

In our case, application of minimal quantity narwloants contributed towards a
reduced coefficient of friction between the toolrymece interface. As a matter of fact, the
presence of nanoparticles in the base fluids ctadtitate the polishing or rolling effects of the
nanoparticles between two contact surface, apar fthe formation of thin protective film,
similar to the claim by Sayuti et al. [33]. This chanism leads to lesser friction between surface
of the drill and NiTi workpiece. Hence, it attrileat towards a significant reduction in the thrust
force, as depicted ifigure 6 and 7, for the cutting speed of 30 m/min. This is despite
accelerated tool wear under this cutting speedhasvn earlier irFigure 2 and 3. Contrary to
the preceding discussions, application of floodditiens in drilling the NiTi alloys for the same
drilling speeds has resulted in a significantlyrhigduced thrust force. The magnitude of thrust
force was in the order of 2 to 4 times higher ttiayse from minimal quantity nanolubricants. It
is believed that the flood coolants were not be ablease extreme heat generation in the cutting
zone, which was the main cause for the high tharse. Likewise, similar trends of high thrust
force were observed for the uncoated drills as @B to the coated ones, regardless of

whether minimal quantity nanolubricants or floodlemts were applied.

3.4  Surface roughness and dimensional accuracy

Condition of machined component surface is vitait @sin directly influence fatigue
and functional performances of the component durirgervice. Very often, drilling process
can induce surface and subsurface alterations @rfirttshed part. Whereas, impact of the
aforementioned progressive tool-wear towards dim@as accuracy of the NiTi (i.e. hole
diameter and hole roundness) is equally importapeet to be fully understooéigure 8

represents average surface roughness values avauthber of drilled holes for flood and

11



minimal quantity nanolubrications. As apparent.farmmh and consistent roughness values in
the range of 0.7um to 1.2um were observed regardless of the drilling speeaisling and
lubricating conditions, as well as the type of auaton the drills. However, it was quite a
surprise that the values of surface roughness marginally or slightly high under minimal
guantity nanolubrications as compared to that ef lood conditionsFigure 8. This is
incongruent with results from past researchers ¢ngployed MQL conditions to cut NiTi
alloys and other materials. For instance, Kaynadd.etlaimed that MQL machining of NiTi
alloys had resulted into smallest variationRafvalues over some machining duration [13].
Similarly, Dambatta et al. reported an improvenwrgurface roughness and surface damage
during grinding of SiN, ceramic materials with silicon dioxide nanopa#ggclsuspended
MQL [21]. Debates are still highly ignited due toxnof results produced by researchers in
machining difficult-to-cut materials with MQL, adaaned by Boswell and his co-authors
[34].

Figure 9 further reveals the average surface roughnesewdlr each of drilling
speeds employed. Herein, the applications of mihgmantity nanolubrication resulted in a
slightly higher surface roughness values as comparéhe flood conditions. For example, at
cutting speed of 10 m/min, the measured surfacghmoess were 0.953m and 0.9871um,
respectively for flood and minimal quantity nanaightions. Likewise, for cutting speed of
30 m/min, surface roughness of 0.83@#4 and 0.938.um were recorded under flood and
minimal quantity lubrication, respectively. Althdugrevious section has emphasised some
encouraging effects of nanolubrications toward caty drilling thrust force, however,
inclusion of nanopatrticles in the SolCut base ngtfiluid has detrimental effect on surface
roughness. In fact, the AD; nanoparticles could probably influence the surfemeghness
due to the rubbing effects of these hard partialgsinst the workpiece surface. Sayuti et al.
asserted that chemical reactions occurred on ftinefitm Al,Os nanolubricants could also
lead to the formation of welded zone on the NiTiface [33]. It was conceived that the
oxide welded zone has a slightly higher hardnes8l@rwhich explained why there was an
incremenet in the surface roughness [33]. Highimgitemperature generated during drilling
process could lead to an intensive formation efAprotective film, which was then peeled

off due to aggressive cutting action to producegheu machined surface. As a result, the

12



drilled surfaces were inspected under a high pawnieroscope in order to identify in detail
any surface structure defects resulted from théiGgipn of Al,O; nanopatrticles in the base
cutting fluids. Figure 10 depicts the poor surface qualities with a numberdefects,

specifically cracks and uneven surfaces due to nabtadhesions. A relatively smoother

surface was obtained under flood condition as shioviangur e 11.

Meanwhile, average hole diameter accuracies, wivete measured at three depth
locations, are shown iRigure 12 and 13. These results demonstrated that diameter accuracy
of the drilled holes were significantly influencég the choice of cooling and lubricating
conditions as well as the type of drill coatingsareter of the drilled NiTi alloys were
comparatively high when minimal quantity nanolubtion with coated drills was employed
in the drilling experiments. This is fairly in-linwith the outcome of surface roughness
discussed previously. Apparently, the presenceoofiin surface finish attributed to a larger
hole diameter of 6 to 103m variation from the nominal value of 6.0 mm. Ibislieved that
similar mechanisms that was discussed for the seirfaughness are valid to explain the
deviation in hole dimensional accuracy. Unlike e tminimal quantity nanolubrications,
flood conditions with uncoated drills contributexla superior hole diameter accuracy with a

variation in the range of 12 to p0n from the nominal diameter.

40 CONCLUSIONS

This work considered tool-wear, tool-life, thrusirde, surface roughness, and dimensional

accuracy aspects of drilling NiTi shape memoryysldExperiments were evaluated with respect

to minimal quantity nanolubrication and flood cdimhs, with two types of carbide drills;

namely, uncoated and TiAIN coating, and under tidiéferent cutting speeds. The following

concluding remarks can be drawn from the resulisudised earlier:

1) The nanoparticles inclusion in SolCut base cutflogls was beneficial in improving the
minimal quantity coolant-lubricant properties whiblrilling the NiTi alloys. AbO;
nanoparticles play an important role to enhancentak conductivity and improve heat

transfer coefficients of the base fluids.
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2) In specific, coated drills exhibited superior penfiance than the uncoated ones in terms of
tool progressive wear rate, especially under theliegion of minimal quantity
nanolubricants. A consistent and stablised runenod were displayed until the tool-life
expentency has reached. However, it was showedhéahinimal quantity nanolubricants
were only deemed suitable to control the rate off weear within the cutting speed range of
10 to 20 m/min.

3) As for the drilling thrust force, similar decreagititends were displayed under the minimal
guantity nanolubricants due to polishing or rollieifects and formation of thin protective

film of the nanoparticles between contact surfdd®a and NiTi alloys.

4)  Nonetheless, this minimal quantity lubrications raggh was found to be ineffective
towards surface quality and dimensional accuragyc@mpared to that of the flood
lubrications for all cutting speed employed andetygd coated drills used. Microscopic
inspection of the drilled surface revealed a numtiesurface structure defects which
attributed towards poor surface roughness and Higkensional tolerance of the hole
diameter.
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List of Tables

Table 1: Experimental details

|tems

Descriptions

Machine Tool:
CNC milling machine

Data Acquisition Equipment:

Microscope
Dynamometer

Portable surface roughness
Workpiece:

Material

Dimensions

Cutting Tools:
Material

Type of drill
Diameter

Point and helix angle
Coatings

No. of flutes

Tongtai EZ-5A

Xoptron Stereo Microscope XST60

Kistler Type 9129A with 9070

Charge Amplifier
HandySurf E-35B

Nickel-Titanium (NiTi)
94 mm x 70 mm x 10 mm

Tungsten carbide (WC—-Co)
Twist drill
6 mm

30°, 135°

Uncoated and TiAIN coated
2

Table 2: Drilling parameters

Parameter lev 1 2 3
Cutting speeds (m/mi 10 2C 30
Feed rate (mm/re 0.0z
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i MQL Nozzle

NiTi Plate
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Kistler Channel Jig

Dynamometer
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¥

Figure 1: Drilling experimental setup consists of Kistler fore dynamometer, channel jig and
lubrication nozzles
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Figure 2:

Tool wear criteria
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Average of flank wear on the uncoated drills against (@) time in seconds and
(b) number of drilled holes for respected experimental conditions
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Figure 3: Average of flank wear on the coated drills against (a) time in seconds and

(b) number of drilled holes for respected experimental conditions



D4.6 x150 500 um D5.0 x300 300um

N D50 x50 2mm N D50 x100 1mm

N D50 x300 300um

N D50 x150 500 um
(d)

Figure 4. (a) Abrasion on uncoated carbide drill a 10 m/min under flood lubricating
condition, (b) abrasion on coated carbide drills at 20 m/min under minimal quantity
nanol ubrication condition, (c) formation of built-up edge (BUE) and chipping on coated
carbide drill a 30 m/min under flood lubricating condition, and (d) catastrophic failure on
uncoated carbide drill under flood lubricating condition
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Figure 5: Tool life for uncoated and coated carbide drills with respect to experimental
conditions
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Figure 6: Development or growth of drilling thrust force for uncoated drills against (a) timein
seconds and (b) number of drilled holes for respected experimental conditions
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Figure 7: Development or growth of drilling thrust force for coated drills against (a) timein
seconds and (b) number of drilled holes for respected experimental conditions
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Figure 8: Average surface roughness of (a) uncoated drills (b) coated drills against number of
drilled holes for respected experimental conditions
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Figure 9: Average of surface roughness with respected experimental conditions
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Figure 10: Surface structure defects for different drill types, cutting speed and MQL
nanolubrication conditions
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Figure 11: Surface morphology under flood lubricating conditions for uncoated drill and 10
m/min
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Figure 12: Average roundness/ hole diameter accuracy of (a) uncoated drills (b) coated drills
against number of drilled holes for respected experimental conditions
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Figure 13: Average of hole diameter with respected experimental conditions
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Highlights

» Drilling performance of minimal quantity lubricants reinforced with nano-particles
was evaluated

» Al,O3nanoparticlesinclusion in SolCut base cutting fluids was beneficia in
improving tool wear resistance of coated carbide drills

» Surface finishes were substantially affected by the application of the minimal
guantity nanolubrication



