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Abstract: Titanium’s Ti6Al4V, alloy is an important mate-
rial with a wide range of applications in the aerospace in-
dustry. Due to its high strength, machining this material
for desired quality at high material removal rate is chal-
lenging and may lead to high tool wear rate. As a result,
this material may be machined with worn tools and the ef-
fects of tool wear on machining quality need to be investi-
gated. In this experimental paper, it is shown how drills of
various wear levels affect the cutting forces, surface qual-
ity and burr formation. Furthermore, it is shown that high
cutting forces and high plastic deformation, along with
high temperatures that arise in cutting with worn tools
may lead to initiation of microscopic cracks in the work-
piece material in proximity of the drilling zone.

1 Introduction
Despite excellent properties, manufacturing products out
of titanium alloys is challenging, since thermal, chemical
and mechanical properties of these alloys make various
processing methods difficult and expensive. In metal cut-
ting, because of chemical reactivity, titanium alloys show
weld tendency with tools which can result in chipping
and pre-mature tool failure. In addition, low thermal con-
ductivity of titanium causes temperature rise and built-
up-edge [1]; furthermore, the tool-chip contact length is
considerably shorter in machining of titanium alloys com-
pared to steels and cast irons; this creates a high stress
region close to the cutting edge and brings the high tem-

*Corresponding Author: Mahdi Eynian: University West, Dept.
of Engineering Science, SE-46186, Trollhättan, Sweden; Email:
mahdi.eynian@hv.se
Kallol Das: University West, Dept. of Engineering Science, SE-46186
Trollhättan, Sweden
Anders Wretland: GKN Aerospace Engine Systems AB, Dept. 9634 -
TL-3, SE-46181 Trollhättan, Sweden

perature zone on the rake face very closer to the cutting
edge [2]. Finally, titanium’s lower modulus of elasticity -
almost half of steels- increases the risk of chatter vibra-
tions during machining.

In applications of titanium alloys, fatigue life is a crit-
ical requirement; therefore properties such as surface fin-
ish, microstructure, microhardness and residual stresses
are considered in surface integrity study of machined ti-
tanium parts. The heat generated during cutting com-
bined with low thermal conductivity of the titanium al-
loys, which restricts heat dissipation, raises the tempera-
ture which speeds up diffusion andmay causemicrostruc-
tural modifications and phase transformations [3]. In ad-
dition, the large concentrated machining loads, induce
plastic deformation, micro-cracking, tearing and residual
stresses as surface and sub-surface alterations [3]. The
surface integrity is particularly important in drilled holes
since the material around a hole already experiences a
primary stress concentration due to the existence of the
hole in comparison to the bulk material. Because of this
stress concentration, several aerospace incidences have
occurred due to the cracks that had initiated around fas-
tener holes [4, 5].

Burr formation at the entry and exit of a hole is a com-
mon problem in drilling operations. In titanium drilling,
burr formation at the drill exit is a major concern; since
burrs interfere with the mechanical assembly of parts and
can cause jamming andmisalignment; furthermore, burrs
can reduce fatigue life of components by causing stress
concentration at hole edge [5]. The exit burr problems are
more critical in drilling of multi-layered metal-composite
laminates; in those applicationsdeburring operationsmay
need costly disassembly of laminates [6, 7].

Effects of drill geometry in burr formation in drilling of
Ti-6Al-4V are studied by Dornfeld et al. [7]; where chang-
ing the cutting speed from 6 to 10 m/min, and feed rate
from 0.05 to 0.2 mm/rev in wet cutting had slight effect on
the thickness and height of the formed burrs; while point
geometry of the drill significantly affected the burr height
and thickness.
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Cantero et al. [8] studied different cutting strategies af-
fecting the tool temperature in dry drilling of Ti6Al4Vwith
TiN coated fine grain straight carbide grades and noted
important changes detected by microhardness measure-
ments and SEM-EDS analysis that pointed to microstruc-
tural changeswhile having limited toolwear andhighhole
quality in terms of dimensions, surface roughness and
burr height.

In this paper, the effect of varying levels of tool wear
on burrs and surface quality is studied. Since rubbing of
the worn tool flank and rounded cutting edge increases
friction force and frictional heat generation, which in turn
leads to higher temperatures and faster wear; a cutting
force measurement is performed to provide an under-
standing ofmachining energy consumedat different levels
of tool wear. Furthermore, the cutting forces could be used
as reliable indicators for monitoring tool wear; therefore
it is important to evaluate sensitivity of cutting forces and
torques to wear to setup proper thresholds for monitoring
systems.

So far an overview of effects of tool wear on burr for-
mation and defects has been given. In section 2, the ex-
perimental setup to investigate the effects of tool wear is
presented, and in section 3, the results in terms of cutting
forces, burrmorphology and internal cracks arepresented.
The effects of tool wear on subsurface grain structure and
hardnesswill be presented in the secondpart of this paper.

2 Experimental method and
material

The material used for the experiment was α-β titanium al-
loy, Ti6AL4V (ASTMgrade 5 titanium). Three separate rect-
angular plates, 120 mm (L) × 72 mm (W), with a thickness
of 3.15 mm were prepared for horizontal cutting (HC), ver-
tical cutting (VC) and vertical dry cutting (VDC) respec-
tively. Distance between hole-centers was 11 mm, and a
machined steel backing plate with a grid of 9 mm holes
was used behind the titanium plates to prevent buckling
of titanium plates due to large axial drilling forces. Un-
coated solid carbide twist drills (SECO SD29-8.0-312244-T
EDP 00000) with artificially created wear levels ranging
from 0.0 mm flank wear (new tool) to 1.0 mm flank wear
(extremely worn tool), at the interval of 0.2 mm were used
in this experiment.

The experiments were conducted in two different con-
ditions. In HC and VC series, high pressure cutting fluid is
supplied through the flank face of the drill to the cutting
zone, with a cutting speed of 35 m/min at the drill periph-

ery. The difference between HC and VC series is the config-
urationof thefive axismachine tool performing the cutting
and the slight difference in cutting fluid and chip evacua-
tion due to the gravity. In the second condition, VDC (Verti-
calDryCutting), drydrillingwasperformedwith lower cut-
ting speed of 20 m/min at the drill periphery. The feed per
tooth is kept 0.05mm for all cutting conditions and all cut-
ting parameters are listed in Table 1. Drilling at each con-
dition is repeated at least seven times with each tool wear
level. Cutting forces are measured with a Kistler 9255B
type dynamometer. Furthermore, a spindle power sensor
was used for indirect inductive power measurement of the
power consumed in spindle’s motor.

Table 1: Cutting parameters

HC and VC VDC
Cutting speed
(m/min)

35 20

Feed per tooth
(mm/tooth)

0.05

Spindle speed
(rev/min)

1393 796

Cooling method Coolant Cimcool Dry cutting
Cimtech A32, 7%

2.1 Measurement

Six toolswere ground in such away to represent flankwear
of 0, 0.2, 0.4, 0.6, 0.8 and 1.0, wear level 0 indicating an
intact tool at the corner of the cutting edge (Figure 1), rep-
resenting the predominant wear form of carbide tools in
drilling of titanium alloys, where the corner wear is signif-
icant due to higher speed at the periphery of the drill in
comparison to the inner sections of the drill’s edge. Other
parts of the cutting geometry such as tool center point are
presented in Figure 2.

3 Results
In this section cutting forces, the burr formation at the en-
try and exit and surface condition at different wear levels
in wet and dry conditions are presented.
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Figure 1: Tool wear measurement at the cutting lip: a) new tool with no wear with level 0.0, b) worn tool with wear level 1.0 mm

Figure 2: Tool geometry for different wear levels
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Figure 3: Raw measurements in VC condition for the new drill (wear level 0) and highly worn drill (wear level 1.0)

3.1 Cutting Forces

Cutting forces in axial (Fz) and lateral (Fx, Fy) directions,
along with cutting torque (Mz), measured by the table dy-
namometer are shown inFigure 3. The spindle power,mea-
sured by the spindle power sensor mounted around the
electric power supply cables of the spindle is also included
in Figure 3. Lateral forces Fx and Fy originate from imper-
fections of the twist drill and are rather small and only be-
come notable during the exit of the drill through the hole
when the drill’s margin hits the burrs. These burrs, as will
be shown in following section, are longer with worn drills;
therefore this phase is more notable for the worn drill. The

axial forces for the new and worn drills are similar in the
beginning of the cut, until the cutting extends outside of
the tip regions of the drills (which are rather identical for
new and worn drills, and reaches close to the worn corner
region of the drill, where a very large axial force, close to
8 kN is needed to sustain the feed rate of the tool. the in-
crease of spindle power and torque are small compared to
the axial force and only in the torque measured by the dy-
namometer one can note a large amplitude oscillation in
the burr-contact region.

Figure 4 summarizes the changes in the peak to peak
values of the force and power measurements for all cut-
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Figure 4: Changes in the peak to peak value of the cutting force and torque signals for various tool wear levels compared to the average of
the new tool

ting conditions, versus the average peak to peak values of
those measurements for new tools, which shows increas-
ing of these measurements, up to 400%. Parameters such
as axial force, also have a very small standard deviation,
across repeated drilling tests.

3.2 Burr morphology

Rolled back burrs, similar to those in Figure 5a-5c, are ob-
served at the hole entry for both dry and wet cutting con-
ditions. As the wear level increases, the the tip of the burr
rolls back more and the profile becomes curlier and wider
for all cutting conditions. The burr formed at exit has a dif-
ferent form and it is outside shape is similar to a cone at-
tached to a cylinder. The length of exit burr increases too
as the wear level increases as shown in Figure 5. At the
hole exit, burr is more uniform, comparatively thinner but
longer. In dry cutting (VDC),when thewear level of the tool
ranges from 0.6 to 1.0 mm (see Figure 5f), the burr is long
and it is formed by the shape of the backing plate used in
the drilling experiments, as if the hot workpiece material

is formed around the larger hole in the steel backing plate.

Burr height is selected as a simple variable for quan-
tification of burr geometry. Figure 6 shows evolution of
burr height versus tool wear in HC, VC andVDC conditions
at the drill entry and drill exit. In general, burr height in-
creases with the increase of tool wear due to the higher
temperature and higher forces in drilling. Furthermore,
burr height at the drill exit is higher compared to the drill
entry for almost all of the samples.

The height of the burr at the drill entry is almost same
for all cutting conditions (VC, HC and VDC); in contrast, at
the drill exit, this height is considerably larger for the dry
condition.

The formation of exist-burr is explained by the fact
that at exit, after the initial rupture of the surface by the
drill tip, a transition is made from chip formation to burr
formation as the remainingmaterial is pushed to the sides
of the hole, rather than being cut. Highwear level increase
cutting forces and power input (as shown in the previous
section) and generates more heat, leading to higher work-
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Figure 5: Burr formation at hole entry (top row) and hole exit (bottom row) for VDC with tool wear from 0.2 (a and d) to 0.4 (b and e) to 0.8 (c
and f). Feed direction is from left to right

Figure 6: Burr height versus tool wear at hole entry and hole exit for dry (VDC) and wet (VC and HC) conditions

piece temperature in the cutting zone which softens the
material ahead of the drill [9]. Moreover, larger axial forces

with worn drills, as shown in the previous section cause
large plastic deformation at drill entry and exit where
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Figure 7: SEM micrograph of surface defects at ×7000 magnification for VDC and HC with 0.4 wear level: a, b and c correspond to hole entry,
middle and hole exit for VDC; and d, e and f for the HC respectively

Figure 8: a defective surface for dry cutting using tool wear level 0.8
mm

workpiece material is unsupported, and results in notable
burr height. These phenomena are more pronounced in
dry drilling, which lead to considerably large exit burrs,
as shown in Figure 6.

3.3 Surface quality

Smoothness of the machined surface is investigated qual-
itatively by study of metallographic samples and interface

between the workpiece and Bakelite with 7000× magnifi-
cation. With dry cutting the roughness increases consider-
ably (Figure 7). Very defective surfaces are noticed for dry
cutting at the tool wear levels 0.8 and 1.0 mm. As an ex-
ample, Figure 8 shows a rough cross section from drilling
with worn tool (wear level 0.8) in dry cutting condition.

3.4 Internal Cracks

In dry cutting, fractures are also observed at the hole exit
when tool wear level exceeded 0.8 (Figure 9). Excessive
plastic deformation due to large axial force and torsion,
along with decreased strength of the base material at high
temperatures is considered the source of tearing of thema-
chined layer, as damaged tool flank rubs against the work-
piece and softens it. The drilling with a worn tool, in a
mechanism similar to a friction-stir-welding process cre-
ates considerable plastic deformation; both in the axial di-
rection (as evidenced by the orientation of the grains), and
also in the tangential directions. When plastic deforma-
tions become larger than the ultimate plasticity of the ma-
terial, cracks are initiated and grown as evidenced in Fig-
ure 9. These fractures are found tobe initiated from the exit
burrs, which points to the importance of burr removal and
hole exist chamferingor filleting to remove suchdefects, in
addition to careful prevention of drilling with worn tools.
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Figure 9: Fracture and tearing of the surface observed at the hole exit for VDC produced by tool wear level 0.8 mm (a) and 1.0 mm (b)

Figure 10:Wear pattern of a drill bit in the radial direction

4 Discussions
In this sectionwediscuss several critical issues related this
work, which are not apparent in the presented results.

First, the measurement of forces, Fx and Fy, is still
important even theoretically they sum to be zero during
drilling. This is because in a practical drilling operation,
there is never a complete balance between the lateral
forces. There is always some level of “wander” behavior
of the tool, in particular in the early stages before the full

depth of cut has been reached. This paper is investigat-
ing thepossiblemethods ofmeasuring andpredictinghole
quality and therefore, it was assumed that there might be
some correlation between the forces in the plane (the lat-
eral forces) and the hole quality in terms of, among others,
“burr formation”.

Secondly, the actual wear phenomenon in drilling is
quite complicated, without showing a uniform wear pat-
tern on the cutting edge of the drill bit. It is known that
the real tool deterioration (wear progression) is differ-
ent from the emulated wear lands, used in this investiga-
tion at different levels ranging from new to 1,0 mm max-
imum wear land. In the chart and picture shown in Fig-
ures 10 and 11, the wear land as function of radial posi-
tion from the center of the drill can be seen from a large
number of production tools (drills) measured after use un-
der similar conditions. It can be seen that the wear pro-
gression is almost linear over large sections of the cutting
edge. However, at the periphery of the drill, the wear rate
increases and causes the wear land width to occasionally
almost reach the 500 micron level (a recommended maxi-
mum value ranges from 200 to 300 micron).

Consequently (due to the increased wear on the cor-
ner edges), the burr heights at the hole entrance as well as
hole exit increases. The impact on part integrity is obvious
but needs to be quantified and the consequence needs to
be described. Therefore, the need for the method develop-
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Figure 11: The measured wear versus the radial position, corresponding to Figure 10

ment that led to the pre machined wear levels used as de-
scribed in this paper. The advantage by such method is to
be able to study the impact from tool wear in a repeatable
and robust set-up, rather than exactly resemble the real
drilling operation. However, with the specific aim to focus
on the most important part of the tool with respect to the
achieved part integrity and not necessarily add to much
attention to the intermediate parts of the cutting edge.

Thirdly, burrs are the reminiscences of plastically
formedmaterial that for some reason have not been possi-
ble to cut away. Most often due to lack of support structure
to maintain high enough forces to be able to rupture the
work material rather than bend and deflect from the cut-
ting tool. In drilling there are (at least) two types of burrs,
at the entrance of the hole and at its exit. The entrance
burr, and its effect on the integrity of the part (hole), is nor-
mally mitigated by a traditional bevel or corner rounding
process. The exit burr, is however a bit more difficult to ad-
dress. The same physics apply for the exit burr as for the
entrance burr. However with the difference that the tool
and consequently the work material is much warmer and
thus it is even more difficult for the tool to cut. In particu-
lar in the latter phase of the cutting action where the tool
is about to break through the work piece it is also much
warmer than at the entrance and more easily form arti-
facts plastically. In particular if chipping occurs, the ma-
terial close to what will remain as the hole wall will then
be extruded in various degrees and subsequently form a
burr. Depending on the state of the cutting tool and ther-
mal properties of the work piece material, the burr will

reach different heights but more importantly, from an in-
tegrity point of view, the radial depth of impact on what
remains as the “hole wall” will be different. Thus, the burr
not only requires an extra de-burring operation after the
hole is machined, but also defines the size of the bevel or
corner rounding to be done subsequently. This effect has
also been shown in Figure 9 (among all other data).

5 Conclusions
The tool wear has a significant effect on formation of the
drilled holes, in terms of cutting forces, burr formation,
surface and internal defects.

Trust forces and side forces increase drastically (close
to 400%) with worn drills while the cutting torque and
power increase in a smaller range of about 70%with worn
drills.

Severe plastic deformation of the machined surface is
observed at the drill exit of with dry cutting, especially
when drilled hole is produced with wear level 0.6 and
above. At the initial stages of wear, i.e. wear level up to
0.2 mm, deformation is significantly lower and there is lit-
tle difference between wet and dry conditions. Entry burrs
are rolled back but the exit burr is uniformwhich takes the
shape of the backing plate. In dry cutting burr is consider-
ably large at the drill exit when tool wear exceeds 0.4 mm.
Surface is more uneven in dry cutting compared to the wet
cutting and in dry cutting with wear levels of 0.8 and 1.0
mm both surface tearing and internal cracks are observed.
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Future investigations with measurement of the tool
and the workpiece temperature during drilling at different
radial positions and development of finite elementmodels
for reliable prediction of temperature, stress and deforma-
tion fields inmachiningwithworn drills can further clarify
the nature of damages caused by worn drills.
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