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CIRTES, Centre Européen de Prototypage et Outillage Rapide, 29 bis rue d’Hellieule, 88100 Saint-Dié-des-Vosges, France
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Abstract – This paper deals with analysis of the cutting process, on a macro and micro scale, in the
deep hole drilling with BTA system. An experimental procedure is developed to highlight the impact of
cutting speed and feed rate on the cutting process when machining the 18MND5 steel. Parameters based
on dimensional characteristics of chips are introduced to quantify the morphology of chips generated by
central, intermediate and external inserts of the complex BTA drilling tool. From observation of the chips
morphology (ﬂat, curved and spiral) and the measurement of the chips width, the provenance of each chip
with respect to cutting inserts is identiﬁed. Then, the Chip Compression Ratio is evaluated for each cutting
condition, indicating the amount of plastic strain in chips. Thanks to the introduction of a new parameter,
denoted as Chip Fragmentation Ratio, it is found that the cutting speed has a little inﬂuence, compared to
the feed rate, on the chips size. Based on this quantitative analysis, the optimal range of cutting conditions
for the BTA deep hole drilling is discussed. It is mentioned that although increasing the feed rate promotes
the chips fragmentation and increases the material removal rate (increasing productivity), an upper limit
is to determine to prevent excessive ﬂank wear. Also, the cutting speed should be limited to avoid excessive
crater wear.
Key words: BTA deep drilling / cutting tests / chips characterisation / quantitative analysis / chip
fragmentation / optimal cutting conditions

1 Introduction
Deep hole drilling is a particular case of drilling processes for machining holes with length-to-diameter ratio
greater than ﬁve. Several technologies with main characteristics based on the surface roughness and straightness of the hole are available. Among them the BTA
(Boring Trepanning Association) technology stands out
as a technology which enables to perform deep holes,
up to 1000 mm and more, with high productivity. Deep
hole drilling with BTA system is used for machining holes
where material removal rate is important. Adding to this
the high exigency on the geometry of machined surfaces,
especially concerning straightness of holes.
Application ﬁelds of this technology are numerous,
such as aeronautics, naval, automotive and nuclear.
a
Corresponding authors: badis.haddag@univ-lorraine.fr;
mohammed.nouari@univ-lorraine.fr

In these contexts, requirements are severe and often machined components are very expensive. Despite the important issues related to the need of carrying out deep
holes, the BTA deep hole drilling has not progressed technically as much as conventional drilling and has not attracted the same attention from the scientiﬁc community.
The development of research on the deep hole drilling
process could help to improve the reliability of cutting
tools, to the physical understanding of the cutting process
as well as to the selection of optimal cutting conditions.
Since the origin of its development by Beisner during the
1940s [1], deep hole drilling, which is also with BTA system, has not followed the same technical evolutions and
has not aroused the same scientiﬁc interests as other machining processes. The scientiﬁc production about BTA
deep hole drilling remains relatively limited both in number and in diversity of authors and subjects (e.g. [1–30]).
This can be explained in several ways and particularly
by the exclusive industrial use of this type of technology
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Nomenclature
Cutting parameters
Vc
Peripheral cutting speed [m.min−1 ]
f
Feed rate [ mm.rev−1 ]
Cutting tool parameters
Ø
Tool diameter [mm]
γ
Tool-rake angle [◦ ]
α
Clearance angles [◦ ]
αoc , αoi , αoe Clearance angle of central, intermediate and external inserts, respectively [◦ ]
κrc , κri , κre
Approach angle of central, intermediate and external inserts, respectively [◦ ]
Workmaterial parameters
ρ
Workmaterial density [g.cm−3 ]
Rp0.2
Tensile yield stress [MPa]
Rm
Tensile strength [MPa]
H
Rockwell hardness [HRC]
Chip morphology parameters
w, w̄
Chip width and average chip width, respectively [mm]
wc , wi , we
Chip width of central, intermediate and external inserts, respectively [mm]
rc , ri , re
Radial position of the cutting edge limit of central, intermediate and external inserts, respectively [mm]
t1
Undeformed chip thickness [mm]
t2 , t̄2
Chip thickness and average chip thickness, respectively [mm]
l, l̄
Chip length and average chip length, respectively [mm]
CCR
Chip Compression Ratio
CF R
Chip Fragmentation Ratio
mc , Mc
Mass of one chip and Nc chips, respectively [mg]
m̄c
Average chip mass [mg]
Subscripts
c, C.I.
Central Insert
i, I.I.
Intermediate Insert
e, E.I.
External Insert
Nt
Number of measures of t2 taken to calculate t̄2
Nc
Number of chips taken to calculate m̄c , l̄ and CF R

that remains marginal compared to turning, milling and
conventional drilling. Nevertheless, the emergence of new
qualitative and quantitative constraints in several areas,
including aerospace, automotive, wind energy and/or nuclear power arouse a renewed interest for the deep hole
drilling by means of the BTA technology.
An important part of the basic concepts of conventional drilling applies to cases of deep hole drilling. Indeed, this is a machining in a conﬁned environment. Nevertheless, the deep hole drilling with the BTA technique
has its cutting speciﬁcities. The tool conﬁnement in the
workmaterial, associated with high length of the hole,
generates in the tool head as well as in the workpiece extreme operating conditions (i.e. strong thermomechanical
loading). In deep hole drilling the combination of chip
removal, lubrication and localization of the thermomechanical loading in a conﬁned cutting zone has a direct
impact on the tool life and machining performances [2].
The main treated problems in scientiﬁc works concern
the role of guide pads [1, 3–13], the dynamic phenomena
occurring during the machining [10–24] and the chip formation process [25, 29].
The guide pads are one of technical speciﬁcities of the
BTA deep hole drilling. They ensure good straightness
of bores in view of the asymmetry of cutting forces, as
stated in reference [3]. The asymmetry of cutting forces
due to the guide pads position induces a burnishing of the

hole surface [1]. It has been shown for the case of deep
hole drilling that cumulative eﬀects of cutting and polishing induce plastic deformation of the hole surface [4, 5].
These are complex phenomena that aﬀect both the hole
surface roughness and cutting forces under action during
machining [4–8]. As stated by Shaw and Oxford in reference [9], about 25% of the cutting power is consumed
by the friction between guide pads and the hole surface.
Richardson and Bhatti [1] have performed a complete investigation of the role of guide pads in the BTA deep hole
drilling. They stated, for the considered BTA drilling tool,
that about 63% of the cutting power is consumed by the
chip removal, 24% is consumed by the burnishing eﬀect
and 13% is due to the friction.
The dynamic phenomena in deep hole drilling are also
treated in several research works. The impact of coaxially between the BTA drilling tool and the machined
hole on the cutting forces ﬂuctuation has been treated
in [14, 15]. In [13, 16], the eﬀect of the dynamic instability of the BTA drilling tool on the circularity of the
hole has been studied. Two particular dynamic phenomena can be distinguished: chatter and spiral eﬀects. The
chatter eﬀect is a frequent vibration phenomenon in deep
hole drilling [17–22]. It corresponds to the auto-excitation
vibrations in torsion motion, and conducts generally to
tool wear acceleration as well as to a bad surface ﬁnish
at the end of blind holes [23]. The spiral eﬀect is another
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type of dynamic perturbations, described by many authors [19–22, 24]. Two causes are identiﬁed as sources of
dynamic perturbations, namely excessive wear of guide
pads and dynamic instability of the boring bar (bending
vibration) [19]. To prevent vibrations phenomena, studies
based, among other, on statistical approaches are initiated [10, 20–22, 24]. The natural frequencies of the boring bar that composes the drilling system are calculated,
which allow to characterize the stiﬀness of the system.
Post-analysis, i.e. after machining, of the BTA deep
hole drilling process by examining the chips morphology,
surface roughness, tool wear, hole straightness, etc., allows to understand the cutting process and therefore helps
to choose optimal cutting conditions. For instance, analysis of the chips morphology in various machining processes
has been conducted in several studies (e.g. [31–46]). Serrated, segmented or fragmented chips are suitable chips
characteristics to reduce solicitation of the cutting tool
and to facilitate the chips evacuation, particularly in
drilling process where chips removal occurs in conﬁned
zone. In metal cutting, the chip morphology is an important indicator of the cutting process stability. Komanduri
and Brown [31] classiﬁed chips into four types according to their morphology (wavy, discontinuous, segmented,
and catastrophic shear chip). In drilling processes spiral
or helical chips are often generated [27, 28], since the cutting speed varies along the radial direction of the cutting
tool. Usually the chip morphology is quantiﬁed by the
classical parameter, known as the chip compression ratio [46], which is an indicator of the amount of plastic
strain in the chip. Other parameters are commonly used,
such as chip segmentation frequency and chip segmentation length, in order to quantify the chip segmentation
phenomenon (e.g. [41]). Recently, Atlati et al. [35] introduced a new parameter, called segmentation intensity ratio, based on the evolution of the plastic strain along the
chip length, and Kouadri et al. [36] proposed other parameters based on dimension characteristics of the chip
to quantify the chip segmentation phenomenon. Based
on these parameters, they explained [35, 36] the cutting
force reduction as the cutting speed increase. Therefore,
analysis of generated chips in the BTA deep hole drilling
is an interesting way to characterise the cutting process
after machining.
The objective of this paper is to characterise the BTA
deep hole drilling process after cutting operation by qualitative and quantitative analyzes of the chips morphology
on a macro and micro scale. Firstly, a description of the
main deep hole drilling techniques is developed (Sect. 2).
Secondly, parameters for the assessment of the chip morphology to be applied for the analysis of the chip formation process in the BTA deep hole drilling are described
(Sect. 3). In Section 4, the experimental procedure is developed, describing the 18MND5 steel (AFNOR norm),
equivalent to A533B steel (ASTM norm), as a workmaterial, the drilling machine, the BTA drilling tool and
performed drilling tests. Finally, in Section 5, two analyses
were performed, one is based on the macro and microscopic observations of chips generated by the central,
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intermediate and external inserts of the BTA drilling tool,
and the other is based on the evaluation of deﬁned parameters in Section 4, which are based on dimension characteristics of generated chips. Consequently, the impact of
cutting conditions (cutting speed and feed rate) on the
performance of the BTA deep hole drilling process when
machining the 18MND5 steel has been highlighted. The
Chip Fragmentation Ratio as a new parameter is introduced for this purpose. Using this parameter, as an indicator of the chips size, the risk of chips blockage in the
boring bar channel has been discussed. Based on obtained
results about the chips morphology and also on the risk
of an excessive tool wear, a discussion has been reported
in order to identify an optimal range of cutting conditions
for the considered tool/workmaterial couple.

2 Deep hole drilling techniques
First of all, it is advisable to specify the process from
technical point of view as well as associated technologies.
As mentioned above, the BTA deep hole drilling can be
considered as a particular case of drilling processes. To
obtain deep holes with a certain quality, several parameters should be considered (adequate cutting speed and
feed rate, guiding of the cutting tool in the hole, sufﬁcient lubrication pressure, chip evacuation system. . .).
The cutting operation can be performed with mono or
multi-spindle to increase productivity. Generally, deep
hole drilling tools are distinguished by their cutting ﬂuid
supply system as well as by their chips evacuation system [47]. As presented in Figure 1, three technologies are
available for boring deep holes: Gundrill, BTA-DTS and
BTA-STS. These technologies are compared in Table 1.

2.1 Gundrill technique
This technology concerns drilling in the mass (without
initial hole) with a high hole surface quality (Ra between
0.1 and 3.2 μm, and a tolerance interval IT9). Gundrill
tool, as shown in Figure 1a, is composed of one or several
cutting edges, integrated ﬂuid supply system as well as a
straight ﬂute along the drill axis whereby chips and cutting ﬂuid are evacuated. The Gundrill technology enables
machining holes with slightly better quality than the two
following BTA deep hole drilling systems, but it oﬀers less
productivity (see Tab. 1).

2.2 BTA-DTS technique
This technique concerns drilling holes in the mass with
high tool diameter and drilling length (see Fig. 1b). The
bore is realized in a single operation with a tool composed
of one or several cutting edges. The cutting ﬂuid supply
is carried out by the system of double-wall of the boring
bar (see Fig. 1b).
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Table 1. Comparison of the main drilling technologies [47].

Gundrill
BTA- DTS
BTA- STS
Legend:

Drilling
diameter
[mm]
0.9 to 41
18 to 185
15 to 280
+ low

Ease of
implementation

Productivity

+++
+++
++
++ medium

+
+++
+++
+ + + high

Drill bushing

Workpiece

Cutting fluid
arrival

Vf

Vc
Output
chips
+
cutting fluid

N

Drilling
length/diameter
ratio
100
100
150

Hole
Tolerance
IT9
IT9 andIT10
IT9 and IT10

Hole
roughness
[μm]
0.1 to 3.2
1 to 3
1 to 3

of the boring bar and the tool. Like the DTS system, the
cutting ﬂuid and chips are then evacuated from the inside
of the tool head and the boring bar. This system is selected for very deep holes (see Fig. 1c). It allows reaching
very high depths, up to 2000 mm. The drilling tool is also
composed of one or several cutting edges.

3 Experimental work
X

(a)

Y

Z

Workpiece

Output
chips
+
cutting fluid

Drill bushing
Cutting fluid
arrival

N Vf

3.1 Workmaterial

Vc

X

(b)

Y

Workpiece

Z

Cutting fluid arrival
Output
chips
+
cutting fluid

Drill bushing

Vc
N Vf

X

(c)

Y

In order to analyse the cutting process in the BTA
deep hole drilling, experimental tests have been performed. The workmaterial, the drilling tool, the drilling
machine and performed drilling tests are described
hereafter.

Z

Fig. 1. Schematic representation of the deep hole drilling
with (a) Gundrill system (3/4 drilling tool), (b) BTA-DTS
or EJECTOR system and (c) BTA-STS system [47].

The workmaterial is the Bainitic low alloy steel
18MND5, an iron-carbon based-steel, essentially used
for the construction of reactors vessels of nuclear power
plants. Several studies are conducted on similar steels
in term of chemical composition, like 16MND5. Studies
concerning the 16MND5 are mainly oriented to the integrity of reactors vessels and trait aspects of the materials tenacity [48–52]. According to Vereecke [51], originally the manganese composing the 18MND5 has been
chosen to improve the hardenability and weldability of
the steel, but also to trap sulphurs to form manganese
sulphides, preferable to iron sulphides which have a negative eﬀect on the mechanical resistance. For components
with high thickness, nickel is added to the 18MND5 steel
and carbon is reduced in order to improve its tenacity
and weldability. The 18MND5 low alloy steel has good
mechanical characteristics of tension and tenacity as indicated in Table 2.

3.2 BTA drilling tool
2.3 BTA-STS technique
The diﬀerence with the precedent system is in the
principle of the cutting ﬂuid supply. The STS system consists of a drill bush through which the cutting ﬂuid enters
and circulates up to the cutting zone on the periphery

The BTA deep hole drilling tool, designated as BTABTU14010-Ø19.30-P20-2D/63, used in experimental tests
is illustrated in Figure 2. The tool has three cutting inserts and two guide pads. The inserts and pads, made of
TiAlN coated carbide, are brazed to the tool body made
of steel. The central insert, the ﬁrst entering in contact
with the workmaterial during cutting, is shifted radially
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Table 2. Mechanical characteristics of low alloy steel 18MND5.
ρ
[g.cm−3 ]

H
[HRC]

7.8

<20

Rp0.2
(T ◦ : ambient)
[MPa]
450

Rp0.2
(T ◦ : 350 ◦ C)
[MPa]
300

Rm
(T ◦ : ambient)
[MPa]
600

(a)
Supporting
Pad

ri

rc

re

Central
Insert

= 15°
= 18°
re = 18°
rc
ri

Extern
Insert

Measuring
Pad

= 11°
= 11°
oc = 9°
oe
oi

Itermediate
Insert

Chipmouth

oe

Ø19.28
Sectional view
A-A

= 0°

oi = 0°
oc = 0°

(b)
Fig. 2. (a) BTA deep hole drilling tool (BTA-BTU14010-Ø19.30-P20-2D/63) and (b) its geometrical characteristics.

(radial oﬀset equal 0.95 mm) in order to minimize negative eﬀects of the tangential cutting velocity close to zero
in the vicinity of the tool axis. Richardson [1] indicates
that the value of the radial oﬀset of the central insert
should be approximately 20% or 0.4 times the tool diameter. Gao [29] indicates that to enhance the tool tip with
respect to strong mechanical stresses during machining, it
is preferable that the value of the rake angle (γ) is negative. However even a negative rake angle strength cutting
inserts, this generates also a strong loading (axial force
and torque) and the chip ﬂow is not facilitated. In addition, the wear on the rake face could be more accentuated.
The value of the approach angle (κr ) varies between central, intermediate and external inserts, so that chips do
not interfere with each other during the drilling process.
Chip breakers are also suggested to facilitate chips fragmentation, and consequently to optimize their evacuation

from the interior of the boring bar. Richardson [1] also
suggests that the tools with diameter less than 9 mm
can have a cutting zone composed of one part only, tools
with diameter between 9 and 30 mm can have a cutting
zone composed of two parts, and tools having a diameter
greater than 30 mm can have a cutting zone composed
of three parts. The recommendation of Richardson and
Bhatti [1] takes into account the fact that it is more diﬃcult to develop multi-inserts drilling tools having a small
diameter.

3.3 Drilling machine
Drilling tests are performed on machining centre with
horizontal multi-spindles (×3). The machining centre is
equipped with numeric command of type NUM 760 and
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Table 3. Experimental design.
N ◦ test

1st phase of tests

2nd phase of tests

1
2
3
4
5
6
7
8
9
10
11
12
13

Cutting speed
[m.min−1 ]
65
80
95
110
125
140
155

120

has a stroke of 1025 mm in the axial (feed) direction. The
drilling machine is equipped with a monitoring system
indicating, among other, the axial cutting force, i.e. in
the feed direction. The cutting ﬂuid supply is ensured by
the BTA-STS technique (see Sect. 2).

3.4 Experimental tests
The methodology used for the experimental design, for
the considered tool/workmaterial couple, consists in varying two cutting parameters: cutting speed and feed rate.
For the considered cutting process, it aims to determine
experimentally an optimal or stable range of cutting conditions for a given tool/workmaterial couple. Performed
deep hole drilling tests are reported in Table 3. The variation range of cutting parameters was chosen from recommended cutting conditions by the tool manufacturer [47].
For deep drilling 18MND5 steel, the recommended cutting speed is about 95 m.min−1 and the feed rate is about
0.145 mm.rev−1 . During all drilling tests, no sign of accelerated or premature tool wear has been detected. Regular
chips were obtained for each drilling test. The experimental setup can be thus qualiﬁed relatively stable and acceptable. From the technical point of view, tests were performed by series of four tests and with a new tool every
time. Chips have been collected after each cutting test.
BTA drilling tools have also been visually inspected after
each test to ensure that no excessive tool wear occurred.

Feed rate
[mm.rev−1 ]

Hole
length
[mm]

Lubrication
ﬂow rate
[l.min−1 ]

Lubrication
pressure
[bar]

300

150

85

0.145

0.1
0.13
0.155
0.165
0.175
0.19

means. A signiﬁcant number of research works (experimental and modelling) are dedicated to the analysis of
the chip formation process in machining (e.g. [27–46,53]).
Literature review reveals that very few research works
have been dedicated to the analysis of the chip formation
in deep hole drilling processes (e.g. [27–29]), particularly
with the BTA system (e.g. [29]). Hereafter chips morphology parameters based on dimension characteristics
of generated chips are introduced for this purpose.

4.1 Engaged cutting edges width
For the analysis of chips generated by cutting inserts
of the BTA drilling tool, it is important to separate chips
by their provenance, i.e. distinguish chips generated by
each insert. One diﬀerence between chips is their width.
Indeed, as shown in Figure 3, each cutting edge is engaged
in the workmaterial with a certain width, calculated as
follow:
rc
wc =
cos (κrc )
ri − rc
(1)
wi =
cos (κri )
re − ri
we =
cos (κre )
where rc , ri , re and κr of each insert are geometric characteristics of the BTA drilling tool.

4 Assessment of the chip morphology

4.2 Chip compression ratio

Analysis of the chips morphology enables to understand the cutting process, particularly in drilling processes. This gives indications about the stability of the
cutting process. Indeed, for deep hole drilling processes
this is more justiﬁed because the chip formation occurs
in a conﬁned environment where the cutting zone is not
accessible to the observation by available experimental

Merchant [53] seems to be the ﬁrst to propose parameters quantifying the chip morphology. He has proposed
three parameters, namely chip length ratio, chip thickness
ratio and chip width ratio. The Chip Compression Ratio
(CCR), as denoted by several authors (e.g. [46]), corresponds to the chip thickness ratio already proposed by
Merchant [53]. Astakhov et al. (e.g. [46]) used extensively
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4.3 Chip fragmentation ratio
As mentioned in the last paragraph of the introduction, the chips size has an impact on the chips evacuation;
smaller chips are easily evacuated by the cutting ﬂuid using low lubrication pressure. Hence the quantiﬁcation of
the chips size, using adequate parameters, should help to
choose optimal cutting conditions which improve the cutting performance (i.e. facility to evacuate chips). In metal
machining the chip fragmentation depends highly on the
amount of undeformed chip thickness (t1 ). A new parameter denoted Chip Fragmentation Ratio (CF R) is then
proposed in this study, which is deﬁned as the ratio of
chip length (l) by undeformed chip thickness (t1 ):

t 1e
f

t 1i
f

t1c
f

Note that, in practice six measures (Nt = 6, as shown
farther in Fig. 9) are performed; three maximum peaks
and three minimum peaks to determine an average value.

Tool axis

CF R =
Fig. 3. Engaged cutting edge width (w) and undeformed chip
thickness (t1 ) of each insert of the BTA deep hole drilling tool.

this parameter for assessing the plastic strain occurring
during chip formation. The CCR parameter is expressed
as follow:
t2
CCR =
(2)
t1
In the frame of experimental analysis, the CCR parameter can simply be evaluated by measuring the chip thickness (t2 ). For a continuous chip, the evaluation of the
CCR is clearly deﬁned, since the chip thickness is constant along the chip. However, in the case of segmented
or serrated chips an average value of the chip thickness
should be deﬁned [35, 36]. As suggested by Astakhov and
Shvets [46], the mean chip thickness can be assessed using
the weight method to overcome this problem. Knowing
the chip mass (mc ), the chip length (l), the chip width (w)
and the workmaterial density (ρ), t2 is deduced from the
relationship:
mc
(3)
t2 =
ρwl
Since the chip length (l) is also unknown and will be deduced (see the next section), in the present study, the
CCR parameter is assessed by deﬁning an average value
of the chip thickness (t̄2 ). This is obtained by measuring
the chip thickness from several points at the free surface
of the chip. For Nt measures (ti2 ) of t2 , the t̄2 is calculated,
and then the CCR is deduced as follow:

CCR =

t̄2
=
t1

1
Nt

i=N
t
i=1

t1

ti2
(4)

l
t1

(5)

where the chip length (l) is evaluated by the weight
method as follow:
mc
l=
(6)
ρwt2
Hence the CF R parameter is obtained for one chip as
follow:
mc
l
=
(7)
CF R =
t1
ρwt1 t2
Since there is a ﬂuctuation on the chips length, to determine a representative value of the chips size, an average value of l can be deﬁned by taking a certain number of chips (Nc ) and by measuring their mass (Mc ).
By determining an average value of the chip mass (i.e.
m̄c = N1c Mc ), the average chip length (l̄) is deduced from
relationship:
Mc
m̄c
l̄ =
=
(8)
Nc ρwt̄2
ρwt̄2
Hence the CF R parameter is assessed as follow:
CF R =

l̄
m̄c
=
t1
ρwt1 t̄2

(9)

In the case of BTA deep hole drilling, for each cutting
condition chips are sorted by their origin (see chips generated by each insert of the BTA drilling tool in Sect. 5.1)
and then for each set of chips the CF R parameter is assessed. In practice, ﬁve chips generated by each insert are
taken to assess the CF R, i.e. Nc = 5.

5 Results and discussion
The BTA deep hole drilling tests are mainly analysed
from the chips morphology characterisation. Macroscopic
and microscopic observations of generated chips are performed. The inﬂuence of cutting conditions (cutting speed
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5mm

(a)

(b)
Fig. 4. (a) Generated chips for one cutting test and (b) identiﬁcation of the chips morphology with respect to inserts of the
BTA deep hole drilling tool (image (b) was taken from [47]).

and feed rate) on the cutting process is highlighted using
the deﬁned chip morphology parameters in Section 4. The
analysis and interpretation of the obtained results should
give some indications about optimal cutting conditions
for the considered tool/workmaterial couple.

5.1 Macroscopic characterisation of chips
and their provenance
For each drilling test, chips having diﬀerent shapes
are obtained, as shown in Figure 4a. The ﬁrst step of
the analysis is to sort these chips from their origin, i.e.
identify chips generated by each insert (central, intermediate and external inserts). Indeed, the particular geometric and kinematic conﬁguration of the BTA deep hole
drilling (position, inclination and tangential cutting velocity of inserts) has a direct eﬀect on generated chips
morphologies. As shown in Figure 4b, the central insert
generates spiral chips which can be identiﬁed easily. This
spiral shape is the consequence of abrupt change of the
cutting speed along the engaged cutting edge of the central insert (tangential cutting velocity changes from zero

to a certain value). While intermediate and external inserts generate more open chips which is more diﬃcult to
distinguish at ﬁrst sight.
Since engaged cutting edges of inserts are diﬀerent
(each cutting edge is engaged in the workmaterial with a
certain width), measured chips widths (see Figs. 5 and 6)
compared to calculated ones by equation (1) are used to
sort chips from their origin. In addition, chips width can
be also found from the trace left by the chips ﬂow on
the rake face of each insert, as shown in Figure 7. This
completely validates the origin of each chip.
Tables 4 and 5 show a sorting of chips, in which it
is possible to see a sample of ﬁve chips representative of
chips generated by each insert for each test carried out.
A ﬁrst observation of chips at this macroscopic scale reveals a clear disparity in their morphology according to
their origin (central, intermediate and external inserts).
The geometry of active parts of inserts, cutting parameters and characteristics of the workmaterial are all factors
which generate diﬀerent chips in terms of shape, weight,
size, etc. A second analysis of chips shows that the cutting
speed (see Tab. 4) seems to have a limited inﬂuence on
the morphology and fragmentation of chips. The cutting
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5000
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Central Insert
Mean = 3806
Min = 3659 Max = 3918

wc [µm]

wc [µm]
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Intermediate Insert
Mean = 2509
Min = 2403 Max = 2616
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120
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0.12
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0.16
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Fig. 5. Inﬂuence of the cutting speed on the chips width.

speed followed an evolution of approximately 140%. The
observation of chips reveals that they are of almost identical shape. On the contrary, the feed rate (see Tab. 5)
seems to have a strong inﬂuence on the morphology and
fragmentation of chips. The feed rate followed an evolution of approximately 90%. It seems that the chip fragmentation is most eﬀective for higher values of the feed
rate. Section 5.3.3 discusses chips fragmentation in more
detail, using the chip fragmentation parameter given by
equation (9) (see Sect. 4.3).
Although this analysis, based on the observation of
chips, is interesting, it is diﬃcult to give precise conclusions about the impact of cutting speed and feed rate on
the chip formation. Hence quantitative analysis seems to
be necessary to highlight the impact of cutting conditions
on the cutting process; this is performed in Section 5.3.

2000
0.08

0.10

0.12

0.14

0.16

0.18

0.20

f [mm/rev]
Fig. 6. Inﬂuence of the feed rate on the chips width.

5.2 Microscopic characterisation of the chip
morphology
The spatial scale has an important role in the analysis
of a machining process. Chips observations at the macroscopic scale, as shown in Tables 4 and 5, do not allow
a detailed analysis of the chip formation by BTA deep
hole drilling. Images at microscopic scale are then taken
r
by means of a digital microscope KEYENCE
(see e.g.
Figs. 8 and 9). Using distance measurements on micrographic images of chips, average chip width (w̄) and average chip thickness (t̄2 ) have been calculated for each chip
type and each cutting condition (see Figs. 10 and 11).
Note that, chip thickness measurements are taken in
zones where the chip is less curved, for the facility of
measurement.
The analysis of the chip morphology from images of
Tables 6 and 7 reveals that it is not obvious to highlight

422

J. Thil et al.: Mechanics & Industry 14, 413–429 (2013)

(a)

(b)

(c)

Fig. 7. Optical microscope observation of the trace left by chips ﬂow on each rake face of the BTA drilling tool: (a) central,
(b) intermediate and (c) external inserts. Estimation of the length of engaged cutting edges.
Table 4. Sort of generated chips with respect to inserts for diﬀerent cutting speeds (f = 0.145 mm.rev−1 ).

C.I.

I.I.

E.I.

C.I.

I.I.

E.I.

C.I.

I.I.

E.I.

Test n°1 − Vc = 65 m·min−1

Test n°2 − Vc = 80 m·min−1

Test n°3 − Vc = 95 m·min−1

Test n°4 − Vc = 110 m·min−1

Test n°5 − Vc = 125 m·min−1

Test n°6 − Vc = 140 m·min−1

Scale:

10 mm

Test n°7 − Vc = 155 m·min−1
Table 5. Sort of generated chips with respect to inserts for diﬀerent feed rates (Vc = 120 m.min−1 ).

C.I.

I.I.

E.I.

C.I.

I.I.

E.I.

C.I.

I.I.

E.I.

Test n°8 − f = 0.100 mm·rev−1

Test n°9 − f = 0.130 mm·rev−1 Test n°10 − f = 0.155 mm·rev−1

Test n°11 − f = 0.165 mm·rev−1

Test n°12 − f = 0.175 mm·rev−1 Test n°13 − f = 0.190 mm·rev−1
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5.3 Quantitative analysis of the chip morphology

(a)

As shown in Tables 6 and 7, macroscopic and microscopic observations of generated chips have allowed a
qualitative analysis of the cutting process. However it is
not suﬃcient to highlight the impact of cutting conditions on the cutting process. A quantitative analysis is
then necessary to give pertinent conclusions about the
chip formation process in BTA deep hole drilling. The
quantitative analysis is based on the assessment of different chip morphology parameters deﬁned in Section 4.
The variation of these parameters with respect to cutting conditions should bring out the impact of the later
on the cutting process and thus allow reﬁning the results
discussion.

5.3.1 Geometrical and measured chip width

(b)

The inﬂuence of cutting speed on the measured chip
width, as shown in Figure 10, does not indicate an upward or downward trend with respect to the variation of
this cutting parameter. Widths of chips generated by all
inserts are relatively constant. This indicates that plastic
strain along the cutting edge in generated chips is very
low, and that chips are formed under quasi plane strain
condition (low lateral strain). This can be veriﬁed from
Table 8, where the diﬀerence between the geometrical chip
width and the measured one is less than 12% for all inserts. The same ascertainment about the impact of the
feed rate on the chips width can be drawn.

5.3.2 Chip thickness and chip compression ratio

(c)
Fig. 8. Example of the width measurement on typical chips:
Test n◦ 5 (Vc = 125 m.min−1 and f = 0.145 mm.rev−1 ).
(a) Central, (b) intermediate and (c) external inserts.

the impact of cutting conditions on each set of generated
chips. Under any cutting condition, serrated or segmented
chips are generated. In addition, the impact of cutting
conditions on the intensity of chip segmentation is diﬃcult to bring out. Hence, quantitative analysis of the chip
morphology is necessary, as performed in the next section.

The evaluation of the chip thickness enables to estimate the amount of plastic strain in the chip, represented
by the CCR parameter. Figures 11a and 11b show the
variation of the average chip thickness (t̄2 ) with cutting
speed and feed rate, respectively. As shown in Figure 11a,
t̄2 for central and intermediate inserts are quasi identical
and tends to decrease at higher cutting speed, while t̄2
is quasi-independent of the cutting speed for the external insert. This suggests that beyond a certain level of
cutting speed, the latter has a little inﬂuence on the chip
thickness and therefore on the amount of plastic strain in
generated chips. For this purpose, it is interest to verify
if t̄2 of chips generated by central and intermediate inserts tends to t̄2 of chips generated by the external insert
at high cutting speed. Additional tests are then necessary to be performed. In the present study, the cutting
speed range is deﬁned with respect to the capacity of the
drilling machine (i.e. the maximum rotational speed of
the spindle). Likewise, increasing the feed rate, as shown
in Figure 11b, t̄2 increases quasi-linearly for each insert as
expected, with more variation for central and intermediate inserts. For the external insert, t̄2 seems slightly more
aﬀected by the feed rate than by the cutting speed in the
browsed range of cutting conditions.
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(a)

(b)

(c)
◦

Fig. 9. Example of the measurement of thickness on typical chips: Test n 5 (Vc = 125 m.min−1 and f = 0.145 mm.rev−1 ).
(a) Central, (b) intermediate and (c) external inserts.
Table 6. Observed chips morphology for diﬀerent cutting speeds (f = 0.145 mm.rev−1 ), depending on their origin.

C.I.

I.I.

E.I.

C.I.

I.I.

E.I.

C.I.

I.I.

E.I.

Test n°1 − Vc = 65 m·min−1

Test n°2 − Vc = 80 m·min−1

Test n°3 − Vc = 95 m·min−1

Test n°4 − Vc = 110 m·min−1

Test n°5 − Vc = 125 m·min−1

Test n°6 − Vc = 140 m·min−1

Scale :

500 µm

Test n°7 − Vc = 155 m·min−1

The CCR parameter allows quantifying the average
plastic strain occurring in the removed layer of the workmaterial, and therefore gives an insight about the consumed cutting energy per insert. In order to estimate the
amount of plastic strain in generated chips by each insert
of the BTA drilling tool as function of cutting conditions,
the CCR parameter is assessed using the measured chip
thickness (see Fig. 11) and the undeformed chip thickness, as shown in Figure 12. From Figure 12a, CCR as
function of the cutting speed is higher for central and
intermediate inserts. This is due to the fact that for speciﬁed rotation speed of the BTA drilling tool, the average

tangential cutting speed is diﬀerent between inserts (inserts penetrate in the workmaterial with diﬀerent cutting velocities). As stated by Astakhov and Shvets [46]
and Kouadri et al. [36], CCR generally decreases with
the increase of cutting speed. This corroborates results
shown in Figure 12a. Noting that for the external insert
CCR seems quasi-independent of the cutting speed. This
suggests that there is a certain amount of cutting speed
beyond which it has little inﬂuence on the chip thickness. With the variation of the feed rate, as shown in
Figure 12b, the external insert penetrates in the workmaterial always with higher cutting speed than intermediate
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Table 7. Observed chips morphology for diﬀerent feed rates (Vc = 120 m/min), depending on their origin.

C.I.

I.I.

E.I.

C.I.

I.I.

C.I.

I.I.

E.I.

Test n°8 − f = 0.100 mm·tr−1

Test n°9 − f = 0.130 mm·tr−1

Test n°10 − f = 0.155 mm·tr−1

Test n°11 − f = 0.165 mm·tr−1

Test n°12 − f = 0.175 mm·tr−1

Test n°13 − f = 0.190 mm·tr−1

Scale :

5000
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Fig. 10. Chips width as function of (a) cutting speed and
(b) feed rate.
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Fig. 11. Chip thickness as function of (a) cutting speed and
(b) feed rate.

5.3.3 Chip length and chip fragmentation ratio
and central inserts. This result is also coherent with the
work of Kouadri et al. [36]. In a nutshell, for a given cutting conditions (rotation cutting speed and feed rate), the
amount of plastic strain in chips generated by the external
insert is the lower since the cutting speed is higher.

The chips evacuation depends highly on the chips size.
Indeed, small size chips will be easily evacuated from the
internal channel of the BTA tool even using low lubrication pressure. On the other hand, long chips will be more
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Table 8. Comparison between geometrical chip width (w from Eq. (1)), as a reference value, and chip width calculated over
all cutting speeds, over all feed rates for each insert and as trace of chips ﬂow on rake face of inserts.

w
w̄
w̄
w̄

(Eq. (3)) [μm]
(over all Vc ) [μm]
(over all f ) [μm]
(trace of chips on rake face) [μm]
w̄−w
(over all Vc ) [%]
w
w̄−w
(over all f ) [%]
w
w̄−w
(trace of chips on rake face) [%]
w

4.0

Central
Insert
4173
3806
3822
3968
8.8
8.4
4.9

Intermediate
Insert
2775
2575
2509
2579
7.2
9.6
7.1

15.0

f = 0.145 mm/rev

3.5

External
Insert
3269
3477
3549
3646
6.4
8.6
11.5

f = 0.145 mm/rev

Central Insert
Intermediate Insert
External Insert

12.5

3.0
10.0

l [mm]

CCR
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2.0
1.5
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Fig. 12. Chip compression ratio as function of (a) cutting
speed and (b) feed rate.

diﬃcult to evacuate and present a risk of chips blockage
in the BTA tool channel. A high lubrication pressure is
then necessary, which also presents a risk for operators.
The chips size is deﬁned mainly by the width and length
of chips. The chips width, as shown in Section 5.3.1, is
quasi-independent of cutting conditions and it is related
to the BTA tool geometry (position and inclination of inserts). On the other hand, the chips length, as shown in
Figure 13, depends clearly on the cutting speed and feed
rate. From Figure 13, the cutting speed has a little inﬂuence, compared to the feed rate, on the chips length.

0.0
0.08

(b)

0.10

0.12

0.14

0.16

0.18

0.20

f [mm/rev]

Fig. 13. Inﬂuence of (a) cutting speed and (b) feed rate on
the chips length.

Indeed, increasing the feed rate, in the browsed range,
decreases drastically the length of generated chips by all
inserts. Noting that, central and external inserts generate
longer chips, having the same order of length, but with
more curvature for chips generated by the central insert
(spiral shape).
Since the chips length is related to the fragmentation process of chips under speciﬁed cutting conditions,
the proposed chip fragmentation parameter (CF R) (see
Sect. 4.3), as the ratio between the average chip length
(l̄) and the undeformed chip thickness (t1 ), is then evaluated, as reported in Figure 14. This quantiﬁes the chip
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reduces drastically the chips size and facilitates their evacuation accordingly, even using a low lubrication pressure.
However limitation of the cutting speed, which allows reducing the amount of plastic strain in chips, or the feed
rate, which allow reducing the chips size, is necessary. Indeed, excessive cutting speed or feed rate has a negative
eﬀect on the tool life. Increasing the feed rate will increase the ﬂank wear, particularly for the central insert
which penetrates ﬁrst in the workmaterial. This is also
the case for conventional drilling processes, where feed
rate should be limited to avoid negative eﬀective clearance angle (angle between the ﬂank face and the newly
machined surface), which highly increases the ﬂank wear.
While increasing excessively the cutting speed drastically
increases the crater wear at rake faces of inserts. Determination of an optimal range of cutting conditions for BTA
deep hole drilling should consider all these aspects for a
given tool/workmaterial couple.

CFR
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0
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(b)
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0.18

0.20
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Fig. 14. Inﬂuence of (a) cutting speed and (b) feed rate on
the chips fragmentation.

fragmentation phenomenon. It is shown that the CF R as
function of the cutting speed follows a similar evolution
of the chips length (see Fig. 13a). By cons, the CF R as
function of the feed rate decreases for all chips generated
by BTA drilling tool inserts. Clearly, the chip fragmentation phenomenon is more aﬀected by the feed rate than
by the cutting speed. This corroborates ascertainment of
the tool manufacturer [47], which suggests that shorter
chips are obtained by increasing the feed rate.
5.4 Discussion about optimal cutting conditions
for BTA deep hole drilling
Criteria for choosing optimal cutting conditions in
some drilling processes are given by Barlier [54]. In the
present study, for a given workmaterial (18MND5) and
BTA drilling tool, optimal cutting conditions can be deﬁned by the analysis of the evolution of proposed chip
morphology parameters with respect to cutting speed
and feed rate variation. Identiﬁed pertinent parameters
to choose optimal cutting conditions are the CF R, giving
an indication about the chips size, and the CCR, giving
an indication of the amount of plastic strain in generated
chips. To improve the chips evacuation, varying the cutting speed is less pertinent, but increasing the feed rate

The BTA deep hole drilling process, when machining
the 18MND5 steel, has been analysed based on the characterisation of chips generated by the three inserts of the
cutting tool. A quantitative analysis, using adequate parameters, has been proposed. Hereafter some concluding
remarks about obtained results:
(1) Macroscopic observations of generated chips did not
allow highlighting the impact of cutting conditions on
the cutting process, since chips, as function of cutting speed or feed rate, are diﬃcult to distinguish at
this scale. Hence a quantitative analysis based on geometrical characteristics of chips, using adequate parameters (chip width, chip length, chip compression
ratio and chip fragmentation ratio), is shown more
pertinent.
(2) It is shown that the inﬂuence of the cutting speed
and feed rate on the chips width is very negligible and
the last one can be approximated geometrically. This
concludes that the chip formation occurs under quasi
plane strain condition (no lateral strain, i.e. along cutting edges, that may change the chips width).
(3) The evaluation of the chip compression ratio has
shown that increasing the cutting speed the CCR of
chips generated by the central and intermediate inserts decreases. For chips generated by the external
insert the CCR remains quasi constant. While increasing the feed rate the CCR ﬂuctuates around a ﬁxed
value for each set of chips generated by inserts.
(4) The chip fragmentation ratio has been introduced
as a new parameter to quantify the chip fragmentation phenomenon. It has been shown that the chip
fragmentation is highly inﬂuenced by the feed rate
and quasi-independent of the cutting speed for the
considered tool/workmaterial couple. Increasing the
feed rate decreases the chip length (promote the chip
fragmentation), which facilitates the chips evacuation.
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However the feed rate should not be increased excessively, since in such case it generates more solicitation
of the BTA drilling tool, which leads to an excessive
ﬂank wear and in extreme case the locking of the BTA
drilling head in the hole.
The usefulness of proposed parameters to analyse quantitatively and qualitatively the impact of cutting conditions
on the cutting process is clearly highlighted. The proposed
methodology can be applied for instance for conventional
drilling process or some other cutting processes.
Acknowledgements. The authors wish to acknowledge the direction of AREVA Company for their acceptance and contribution to perform experimental tests in their manufacture site
of Chalon sur Saône (France).
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