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EVALUATION OF CHIP MORPHOLOGY
WHEN DRILLING TITANIUM ALLOY

Abstract: Chip formation within a hole making processes plays an important role in selection of
proper machining parameters. Understanding of this phenomenon is also important in relation to
wear behaviour or machined surface integrity parameters like roughness, residual stresses and
many others. Proposed study aims to compare different shapes and forms of chips produced when
drilling titanium alloy Ti-6Al-4V with solid carbide tool by various cutting conditions. The effect of
cutting edge radius and side clearance angle on chip formation process was also considered within
this work. Experimental data has confirmed strong relationship between drilling parameters and
evaluated variable.
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machining parameters.

1. INTRODUCTION

Chip evacuation from machined hole still represents one of the fundamental
difficulties of the drilling process. A better understanding of chip formation while
machining titanium and its alloys enables the identification of optimal machining
conditions contributing to higher productivity, increased component quality and
lower production costs from the perspective of extended tool life [1]. Constricted
space in the drill flutes causes chip accumulation especially when machining
ductile materials such as titanium. Such a material tends to generate continuous
helical chips [2]. The major disadvantage of the helical chip formation is
degradation of the finished surface by scratches generated when chips are
transported away from the cutting zone. According to Sharif and Rahim [3]
straight carbide (uncoated WC-Co) remains the best tool in turning, milling,
drilling when compared to coated carbide tools. The tool material and its geometry
as well as process parameters during high-throughput drilling of Ti-6AI-4V were
extensively investigated by Li et at. [4]. They concluded that higher cutting speed
resulting to higher productivity was achieved using commercially available WC-Co
spiral point drill in comparison to conventional HSS twist drill. However, there is a
lack of research articles in the field of hole making titanium alloy aimed to study
effect of tool geometry (clearance angle) and micro geometry (cutting edge radius)
on resulting chip morphology. Mikoé et al. [7] in their research paper optimized
finishing process within twist drill production to ensure desired cutting edge radius
for given tool. Durakbasa and Bas [15] evaluated relationship between
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nanometrological parameters of the high precision cutting tools and surface
roughness after machining.

Slodki et al. [9] investigated chip form during orthogonal machining of
titanium and steel alloys with respect to cutting parameters and cutting fluid
conditions. Other difficulties related to machinability of titanium and its alloys
were summarized by Neslusan and Czan [10].

Li et al. [4], Rahim et al. [5], Zhang et al. [8] and Kim et al. [6] investigated
that the same chip morphology, a continuous chip with three regions of initial spiral
cone followed by the steady-state spiral cone and folded long ribbon chip, could be
seen in all Ti drilling tests, as shown Figure 1 and Figure 2. Zhang et al. [8] and
Kim - Ramulu [6] concluded that the characteristic of the chip formation in twist
drilling of titanium based alloy is different from other metals categorized the Ti
chips into three types: continuous chip, continuous chip with built-up edge, and
discontinuous chip. The distinctive features of Ti chip can be described as serrated,
shear-localized, discontinuous, cyclic and segmented.
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Figure 1 — Chip morphology of Ti-6Al-4V at vc = 18.3 m/min and f = 0.051 mm: &) whole
chip, b) initial spiral cone, c) steady-state spiral cone, d) transition between spiral cone and
folded long ribbon, and €) steady-state folded long ribbon [4]

Li et al. [4] mentioned that after drilling, the Ti chip could be entangled
around two flutes of the drill and bent by the tool holder. This is called chip
entanglement, which is due to the difficulty for smooth chip ejection. An example
of the chip generated by WC/Co Spiral drill at 18.3 m/min cutting speed and 0.051
mm/rev feed in dry drilling is shown in Figure 1 a). The close-up view of the initial
spiral cone, generated at the start of drilling from the beginning of contact to whole
diameter penetrate into the work piece, is illustrated in Figure 1 b). After this step,
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the steady-state spiral cone chip morphology, as shown in Figure 1 c), was
generated. Due to the increased resistance to eject the chip, the spiral cone was
changed to folded ribbon chip morphology. Close-up view of the chip transition
region and the folded ribbon chip are shown in Figures 1 d) and e), respectively.
Under the same MRR (156 mm?®/s), the best drill life and surface finish results were
achieved at 91 m/min peripheral cutting speed and 0,102 mm/rev feed using the
WC—Co spiral point drill.

Rahim et al. [5] studied that the most of the chips were discontinuous based
from the significant formed of saw tooth. In general, the formation of saw tooth in
machining titanium alloys is due to the instability of thermoplastic at primary shear
zone. In this experiment, periodic chips formation was obvious probably due to the
selected cutting speeds which fall within the high speed range.
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0,05 mm
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a) b) c) d)

Figure 2 — Chip shape and saw tooth chip formation of Ti-6Al-4V:
a) chip shape vc =50 m/min, b) SEM sample vc = 50 m/min,
¢) SEM sample vc = 60 m/min, d) SEM sample vc = 70 m/min [5]

Fig. 2 shows the long folded wavy type chips and long curly type chips were
produced at feed f = 0.05 mm and they were slightly longer than at feed f = 0.1 mm.
In contrast, short folded wavy type chips were produced for feed f = 0.1 mm. The
average chip segmentation ratio tends to decrease with increase in cutting speed
from 50 m/min to 70 m/min

Based on this literature review proposed study focuses on research related to
the evaluation of chip morphology with regard to cutting conditions (feed, cutting
speed) and tool geometry parameters in drilling titanium alloy Ti-6Al-4V with
solid carbide twist drill. Furthermore, graphical matrix with various types of
morphologies was created for easier identification of undesirable chip form with
respect to studied variables.
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2. EXPERIMENTAL CONDITIONS

The drilling experiments were conducted on a 3 axis Mazak Nexus 410 A-II
vertical machining centre with maximum spindle revolution 12 000 rpm.. The
machine tool has maximum spindle motor output 11 kW. It is equipped with
Mazatrol Matrix Nexus controller. The machining experiments were carried out
using Agip Aquamet 4 HS — BAF cutting fluid supplied with high pressure to
enhance the capability of chip evacuation from cutting zone The cutting data used
for the experiments are contained in Table 1.

Uncoated straight tungsten carbide WC/Co twist drills with diameter of 8.2
mm with various geometries were employed to perform experimental testing. Due
to superior wear resistance and thermal stability is tungsten carbide still preferable
choice in machining titanium or nickel based alloys. Cutting tools were supplied by
ProTech Service Company. To ensure cutting edge sharpness, a new twist drill has
been used for each test within experimental work. The workpiece material used in
the all experiments was a forged bar of an alpha — beta titanium alloy Ti-6Al-4V
with diameter of 300 mm and thickness of 31.5 mm.

Table 1 — Taguchi orthogonal array L16 for drilling experiments

Exp Ve f a Exp Ve f a

No | [m/min] | [mm/rev] [°] No [m/min] | [mm/rev] [°]
1 25 0.05 7 9 60 0.05 15
2 25 0.1 7 10 60 0.1 15
3 25 0.15 15 11 60 0.15 7
4 25 0.2 15 12 60 0.2 7
5 40 0.05 7 13 90 0.05 15
6 40 0.1 7 14 90 0.1 15
7 40 0.15 15 15 90 0.15
8 40 0.2 15 16 90 0.2

Chemical compositions and mechanical properties of the work piece material
are summarized in Tab. 2 and 3.

Table 2 — Nominal chemical composition of the Ti-6Al-4V alloy

Elements Ti Al Vv Fe (0] N

Ti6AI4V (%) Bal. 6.01 3.87 0.18 0.14 0.006
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Table 3 — Mechanical properties of the test sample

str;rrsgtsrlllf?m Yield strength gfle;?il::lilt]; Hardness Elongation at
0,
(MPa) Re (MPa) (GPa) (HRc) fracture A5 (%)
900 830 114 36 14

A series of cuts at various combinations of cutting speeds of 25, 40, 60 and 90
m/min, feed rates of 0.05, 0.1, 0.15 and 0.2 mm/rev, clearance angles of 7°and 15°
as well as cutting edge radii of 20 and 30 pm (Figure 3) to show their effect on
chip formation process.

It is well known that the cutting tool edge geometry significantly influences
many fundamental aspects such as cutting forces, chip formation, cutting
temperature, tool wear, tool life and other characteristics like surface roughness and
surface damage [11].

Clearance surface

e

ERDING Strface Chipping surface

Figure 3 — Representative cutting tool geometries used in experiments
a) 20um b) 30pm cutting edge radius, respectively

Wyen and Wegener [12] evaluated the effect of cutting edge radius on
selected variables in orthogonal machining of titanium alloy. They stated that a
large cutting edge radius causes a large deformation of material in front of cutting
edge radius as well as more energy is needed for the plus of deformation. Taguchi
orthogonal array (OA) L16 was used to conduct experiments. According to Kivak
et al. [13], Taguchi method compared to traditional experimental designs makes
use of a special design of OA to examine the quality characteristics through a
minimal number of experiments.
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3. RESULTS AND DISCUSSION

Different types of chips obtained from drilling tests were collected and
are shown in Figure 4 after each cut with a new tool. Green line in Figure show
acceptable chip form red line show undesired chip morphology in drilling.
According to form and morphology of resulting chips can be stated that chip
formation in process of hole making plays an important role in evaluating and
proper selection of cutting conditions (v, f) that have significant impact on
their formation as well as for chip evacuation from cutting zone. The adhesion
of the titanium during machining generates an increase in friction between the
chip and the tool rake face, resulting in a thicker chip. This could also explain
the increase in tool wear and also possibly the increase in cutting force. Hence,
chip formation processes are significantly affected by the conditions of the tool.
According to Li et al. [4] the balance of cutting speed and feed is essential to
achieve long drill life and good hole surface roughness in high throughput
drilling Ti-6Al-4V titanium alloy with fine-grained WC-Co tool material
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Figure 4 — Various types of chip morphology from drilling tests

Spiral cone shape represents favourable chip morphology in drilling
titanium. Such a morphology was observed when drilling with lower cutting
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speed (vc = 25 m/min) and all feed rates used (f = 0.05, 0.1, 0.15, 0.2 mm) as
well as with v¢ = 40 m/min and f = 0.15, 0.2 mm, stage 1 and 2, respectively as
shown in Figure 5.

On the other side, when machining with higher cutting speeds (v = 60
and 90 m/min) become chip ejection from the drilled hole more difficult and
chip morphology has changed from spiral cone to folded ribbon shape. When
machining with higher cutting speeds v, = 60 and 90 m/min and all feed rates
employed becomes chip transfer from cutting zone more complicated and
difficult.

STAGE 1 STAGE 2 STAGE 3 STAGE 4 STAGE 5
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Figure 5 — Different stages of chip evaluation

In stage number 3 and 4, the steady spiral cone has changed to the so
called folded ribbon chip morphology, which is undesired chip shape in drilling
operation and causes problems with its evacuation. On the other hand, in
machining with inappropriately selected cutting parameters (higher than tool
manufacturer’s recommendation) and insufficient cooling, phenomenon of
adhered chip in the area of tool-chip interface can occurs.

Figure 6 — Welded chip on cutting tool - experiment No 15
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Armendia et al. [14] in their work concluded based on previous research
that adhesion is a typical feature in titanium machining because of both the
high temperatures generated and its chemical reactivity with most of the tool
materials. Adhered work piece material results to severe deformation and
increases resistance to eject the chip from hole machined, see Figure 6. Chip
morphology in Stage 5 (welded chip) is absolutely unacceptable for drilling
due to unpredictable process behaviour.

4. CONCLUSIONS

Chip morphologies examined from drilling titanium alloy Ti-6Al-4V with
WC/Co uncoated carbide tool have proven strong relationship with cutting
condition employed as expected. Furthermore, phenomenon of adhered chip and
severe tool wear occurs when machining with higher cutting parameters mainly
cutting speed (v = 60 and 90 m/min). Cone spiral chip has change to folded ribbon
shape in cutting speed higher than 40 m/min. Influence of feed rate is less
significant when compared to influence of the cutting speed. This can be explained
by increasing temperature which tends to adhere work piece material to cutting tool
a thus worsens chip evacuation from cutting zone. Effect of cutting edge radius and
clearance angle on deformation process is also considered within this article, but
within macro scale observation no significant effect of tool geometry on chip
formation was found. Micro scale research including SEM represents excellent
topic for the future work.
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Lmeaixo MankoBa, Mapek Bpaber,
JlanicnaB Kannpad, Kommine, CrioBakist

OIITHKA MOP®OJIOI'Ti CTPYKKH
ITPU CBEPJJIIHHI TUTAHOBHUX CIIJIABIB

AHoTanin. QopmyeanHs CmpydicKu 6 npoyecax 6U20MOBIEHHA OMEOPI6 2PAE BAICIUBY POJb Y
8UO0OPI NpasunbHUX napamempis o0OpooKku. Po3yMiHHA Yb020 heHOMeHa MAKONC 8AHCIUBO NO
BIOHOWEHHIO 00 NOBEeJIHKU 3HOCY abo napamempie YiLiCHOCMI 00pPOONIOBAHOI NOBEPXHI, 5K
WOPCMKICMb, 3anUmKosi Hanpyeu i 6azamo iHwux. IIpononosane 00CniOdNCeHHs HayileHe Ha
NOPIGHSHHA PISHUX (YOPM | pO3MIDI6 CMPYAHCKU NIO Yac céeponinHs mumanoso2o cniaegy Ti-6Al-4V
MeepoOOCNIA6HUMU CBEPOTIAMU 8 PISHUX YMO6AX pisanHs. Bnaue padiycy saokpyenenns pisanbnol
Kpaiiku i 3a0Hb020 KYmMa HA Npoyec CMpYdiCKOYMEOPEeHHA MAKOAC Y0 PO3NAHYMO 6 PAMKAX
danoi pobomu. ExcnepumenmansHi oani niomeepoxcyoms micHull 83aEM036 930K MidC percumami
c8epONiHHA | napamempami, wo oyinolomecs. Excnepumenmu npo6oounucs 3 6UKOPUCAHHAM
CnipanbHux ceepoen 3 01bPPamMo-Kkobanbmo6o2o meepoo2o cniasy, 6e3 nokpumms, diamempom
8,2 mm i 3 pisHowo ceomempicio. [l 6UKNIOUEHHS BNAUBY 3HOCY, BUKOPUCMIOBYBANUCI KOHCHO2O0
pasy Hogi ceepona. Mopghonoeia cmpydicku, 00cniodceHa nio yac c8epoNiHHA MUMAHOB020 CHIABY
Ti-6Al-4V meepoocnnasnum incmpymenmom 6e3 noxpumms WC / Co, dosena, six i 04iKy8anocs,
micHuil 38'A30K 3 ICHyrOuuUMU ymosamu pisanus. Kpim moeo, seuwje npununanns cmpyscku i
CUNbHO20 3HOCY THCMPYMEHMY 8UHUKAE npu 06po6Yi 3 GiIbW BUCOKUMU NAPAMEMPAMU PISAHHS, 8
ocnosromy 3i wieuokicmio pizanns (Ve = 60 i 90 m / x6). Koniuna cnipanoha cmpyosicka mae gpopmy
cknadyacmoi cmpiuku npu weuoxocmi pizanns oinvwe 40 m / x6. Bnaue weudkocmi nooaui menut
icmomuuil 6 NOpiGHAHHI 3 BNAUBOM WBUOKOCHI pisaHHs. Lle ModcHa nosacHumu niosUweHHAM
memnepamypu, npu SKill Mamepian 3a20mMOSKU NPUTUNAE 00 PIdCYH020 ITHCMPYMEHMY, Wo
no2iputye 8UOANEHH CIMPYXHCKU I3 30HU pi3aHHA. Bnaue padiycy pixcyuoi kpaiiku i 3a0Hb020 Kyma
Ha npoyec Oegopmayii maxodc po3enA0AEmvCs 8 yiti cmammi, ane npu CNOCMEPEeHCeHHI 6
Marpomacwmabi e 6Y10 BUABIEHO CYMMEBO20 GNIUEY 2eOMemPIi IHCMPYMeHmY Ha (opMY6anHs.
cmpysseku. Mikpomacuma6bri 0ocnioxcenus, exnouarodu SEM, npedcmasnaome 6iOMIiHHY memy
s MatibymHvoi pobomu.

KuarouoBi caoBa: excnepumenmu 3 ceepOninms; Kap6io 60b@pamy; mumaHosuil cniag; munu
CIMPYAHCKU,; MOPDONO2IS CIMPYHCKU,; napamempu 0OpooKu.
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