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Abstract
Orthogonal cutting on Ti-6Al-4V produces segmented chips which results from localized deformation within the Primary
Shear Zone (PSZ). For in situ visualization of the material flow during Ti-6Al-4V chip formation, a new high-speed optical
system is proposed. Difficulties arise from the submillimetric size of the cutting zone. Therefore, a dedicated optical system
with coaxial illumination is designed allowing for local scale analysis of chip formation. In this paper, the cutting forces
were measured highlighting the unsteady nature of Ti-6Al-4V chip segmentation. For kinematic fields measurement, a novel
method of Digital Image Correlation (DIC) technique is applied on the recorded images from the cutting zone. It allows for
the identification of the localized deformation bands. Then, the level of the cumulative strain fields reached in the PSZ was
presented and analyzed. The effect of the rake angle on the strain fields was studied. Using a 0◦ rake angle, the segment
chip was found to be more subjected to deformation than in the case using 15◦. Accuracy of the measured strain fields was
discussed function of the main source of errors. In addition, the chip morphology and microstructure were investigated with
a scanning electron microscopy (SEM). It shows crack opening along the PSZ and high material failure near the tool-chip
interface which explains the difficulties of DIC application in the context of kinematic fields measurement during orthogonal
cutting. Finally, correlation between the measured strain fields and the mean value of the chip segment width was made.

Keywords Chip formation · High-speed optical system · In situ measurement · Digital image correlation · Kinematic fields

1 Introduction

Metal cutting is a widely used process for part manufactur-
ing. During chip formation, the material is subjected to high
strain (>1) under high strain rate that can exceed 103s−1.
Understanding the mechanisms of chip formation under
complex thermomechanical loads requires developing dedi-
cated experimental set-up. In the cutting zone, the material
undergoes high plastic deformation and local temperature
rise that may induce changes in the material microstructure
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[1, 2] as well as its mechanical and physical properties.
Establishing the link between the thermomechanical load
and the material microstructure evolution leads to develop
physical-based models [3–6] that are suitable for numerical
simulation of the machining processes. Local measurement
of the displacement and strain fields in the cutting zone are
with a great importance to improve the machining process.
These local fields measurement can be used to predict the
stress fields within the cutting zone [7, 8]. In addition, local
data measurements enables to enhance/validate numerical
models that could better predict the thermomechanical load
at local scale [9]. Numerical simulation results are mostly
compared with the experimental ones at macroscopic level
[10–13] through (i) force components measurement, (ii)
chip morphology and microstructure analysis and (iii) tem-
perature measurement at the tool tip [14–17]. These quan-
tities remain global quantities and limit the understanding
of local phenomena such as strain localization [18–20]. The
highly interest in understanding local phenomena during
chip formation has led researchers to develop a dedicated
experimental protocol allowing for in-process visualiza-
tion of the material flow in the cutting zone. Indeed, two
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major difficulties have to be mentioned: (i) The submilli-
metric size of the region of interest (which disables any
strain gauge to be mounted) and (ii) the rapidity of the
phenomenon (which disables to retrieve in real-time the
kinematic fields). First attempt to study the mechanisms of
chip formation was made using Quik-Stop Devices (QSD)
[21, 22]. It allows freezing the cutting process and extract-
ing the chip root. Shear angle within the Primary Shear
Zone (PSZ) could be measured. Despite the time delay for
the tool-chip separation that induces errors, this technique
gave results at only one instant which limits its use. An
alternative technique allowing for in situ visualization of
chip formation was the use of high-speed camera. Particle
tracking was achieved by printing a micro-scale grid [19,
20]. High distortion of the micro-scale grid induced by the
high plastic deformation within the PSZ disables a full-field
displacement measurement [20].

The measurement of kinematic fields during orthogonal
cutting is known to be a complex task. As the size of the
cutting zone is below 1mm2, the objective that should be
used must ensure magnification up to 10. Nevertheless, the
depth of field decreases with the increase of magnification.
The out-of-plane motion of the chip constitutes one of the
main constraint. With low depth field, images captured from
the cutting zone will be blurred and leads to difficulties in
DIC application.

Recently, optical imaging systems have been successfully
implemented for in situ measurement of kinematic fields
during machining [23–27]. They offer a real-time insight
on the material flow through surface observation of the
workpiece. Application of the DIC technique in the context
of kinematic fields measurement during orthogonal cutting
has been increased these last years [28]. It allows to measure
a full-field displacement with sub-pixel accuracy and to
estimate the full-field strain. However, optical systems are
constrained by the rapidity of physical phenomena and
the out-of-plane motion of the chip (±35μm as measured
by Pottier et al. during Ti-6Al-4V chip formation under
a cutting speed of 6m/min). In fact, for local scale
investigation, increasing the magnification of the lens leads
for low depth of field. To overcome this issue, Baizeau
et al. [7] proposed the use of a telecentric ×10 finite
conjugate objective. The magnification value was enough
for strain field measurement within the subsurface of
the workpiece. On the other hand, Calamaz et al. [29]
employed a long distance microscope. The low spatial
resolution of the microscope (3,34μm/pixel) limits its use
in the context of kinematic fields measurement within the
cutting zone. Recently, Harzallah et al. [24] proposed a
new optical system ensuring a better spatial resolution.
Besides, illuminating submillimetric zone remains one of

the main problematics and authors did not discuss about
optical solutions.

Few authors studied the evolution of the strain fields
during one segment chip formation [23, 24]. This study
requires a dedicated optical system for high-speed imaging
of the cutting zone. Numerical post-processing of the
obtained images led to determine the cumulative kinematic
fields. As material in the cutting zone is subjected to
high deformation, correlation between the last and the
reference image (obtained from a sequence of images that
describe one segment chip formation) is complicated. To
overcome this issue, only Pottier et al. [23] developed a
finite framework that leads to determine the cumulative
displacement fields from the incremental ones measured
by application of the DIC technique. The common type
of correlation using the DIC technique shows its limits in
the context of kinematic fields measurement during one
segment chip formation.

Strain fields measured within the cutting zone helps to
improve the understanding of local phenomena such as
strain localization. From amechanical standpoint, these data
enable to study the effect of the cutting parameters on the
strain level reached in the PSZ. Also, it can establish a
link between the material deformation and the change in
microstructure. Recently, these data is further used for an
inverse identification of material behaviour law parameters
used for finite element simulation of orthogonal cutting [9].

In this paper, a dedicated optical system was designed
for in situ visualization of the material flow during orthog-
onal cutting. High-speed imaging of the cutting zone allows
to follow the different phases of Ti-6Al-4V chip segmenta-
tion. The choice of the magnification objective is discussed.
Then, a new optical solution is proposed for coaxial illu-
mination that made possible to maximise the light intensity
within submillimetric zone. In addition, it ensures unifor-
mity in light distribution and allows to avoid under-exposure
or over-exposure to light. The DIC technique was adopted
for kinematic fields measurement. The application of the
DIC technique is made on a sequence of images and not
only 2 images. The choice of the DIC software was made
so that it enables to determine the cumulative strain fields
from the measured incremental ones. A novel method of
DIC application was then applied and leads to directly
determine the cumulative displacement and strain fields. A
MATLAB script was developed for post-processing of the
results returned by the DIC software. Orthogonal cutting
tests were conducted on Ti-6Al-4V alloy. The experimental
set-up is given. Results of the measured cutting forces are
discussed. Application of the DIC technique allows to deter-
mine the kinematic fields that highlight localized shear band
during Ti-6Al-4V chip formation.
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2 Optical system

Under the camera resolution of 512×512pixels2, an ×15
magnification objective leads to obtain an acceptable scene
size allowing for in situ visualization of the material
flow during chip formation. An infinity-corrected ×15
magnification objective is coupled with a 200-mm tube
lens. The main reason behind choosing an infinity-corrected
objective is that it enables introducing beam-splitter for
coaxial illumination in the so-called infinity space delimited
by the objective and the tube lens. Details of the optical
system are given in Fig. 1.

The main characteristics of the optical system’s compo-
nents are given as follows:

• the ×15 infinity-corrected objective (1) ensures a trans-
mittance up to 96% over the spectral band ranging
between 450 and 20000 nm. This type of objective
can be then used with a high-speed camera for visual
imaging and also with an infrared camera for thermal
inspection. The field of view of the objective is equal to
1.2×1.2mm2.

The working distance of the objective is equal to
23.8mm. As it is a reflective objective, the transmission
of the emitted radiations is made by double reflection
by mean of two mirrors (Fig. 2).

• the rotating platform (2) is used to adjust a beam-
splitter at 45◦ with respect to the optical axis. This
beam-splitter ensures a 50% of reflectance and a 50%
of transmittance in the spectral band ranging between
400 and 700 nm. Both the rotating platform and the
beam-splitter are mounted in a 30-mm cube cage.

• Cold light source of 150W is used for illumination.
The collimated light beam is obtained by mean of
the f60mm plano-convex lens (5). It features an
AntiReflective (AR) coating for the spectral band
ranging between 350 and 700 nm (Fig. 3) which reduces
the reflectance down to 3%.

This new optical solution allows to maximize the
light intensity while illuminating submillimetric zone.
Using a reflective objective (Fig. 2), the light will be
focalized on the field of view.

Compared to classical technique of illumination
using a collimator or a focalizer (Fig. 4.a), coaxial
illumination (Fig. 4.b), combined with a reflective
objective, allows to reduce the obscure band. Therefore,
the integration time can be reduced to 14μs which
allows to reach a relatively high cutting speed of
40m/min. As a result, the obtained images are unblurred
and well exposed to light.

• the tube lens (4) with a focal length equal to 200mm
is used allowing to keep the magnification of the

Fig. 1 New high-speed imaging
system dedicated for kinematic
fields measurement during
orthogonal cutting
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Fig. 2 Schematic illustration of the principle of transmission by double reflection of a reflective objective

Fig. 3 Percentage of a) transmission and b) reflectance of a plano-convex lens with an AntiReflective coating (Data obtained from Thorlabs)

Fig. 4 Displacement of the observed scene function of the integration time and the cutting speed: a) when using a collimator or a focalizer and
b) the optical solution for coaxial illumination
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objective at ×15. It ensures a transmittance up to 90%
in the visible spectrum band. The distance that should
separate the tube lens from the sensor array of the high-
speed camera is equal to 148 mm. For that, an SM1
coupler (7) is used for adjustment.

• the C-mount adapter (8) is used to connect the optical
system with high-speed camera.

This optical system was designed specifically for high-
speed imaging of the cutting zone. It allows to follow
the different phases of Ti-6Al-4V chip segmentation. By
application of the DIC technique on the recorded images,
the kinematic fields are measured. Thus, the mechanisms
of chip formation during orthogonal cutting on Ti-6Al-4V
are analyzed from the measured displacements and strains
fields at local scale.

3 Digital image correlation

In this paper, the DIC technique was used for kinematic
fields measurement during Ti-6Al-4V chip formation.
Indeed, it ensures enough spatial resolution for localized
shear band identification. A novel method of DIC is
applied allowing to measure the cumulative kinematic
fields. Basically, the most used types of correlation are as
follows: (i) Incremental (Inc.) and (ii)Non Icremental (Non-
Inc.) (Fig. 5a). However, they can not be recommended
for high strain fields measurements. In orthogonal cutting,
material in the cutting zone is subjected to high strain. In
addition, illumination can not be kept constant as the chip
undergoes an out-of-plane motion. Both lead to difficulties
in DIC application on a sequences of images that describes
the different phases of segmented chip formation. Based
on the update of the region of interest (ROI) at each
increment, the cumulative kinematic fields are measured
form incremental correlation (Fig. 5.b).

A classification of different DIC softwares is made in
order to verify mainly the existance of the IC2KF method
(Table 1) that it is suitable in the context of kinematic fields
measurement during orthogonal cutting. From Table 1, only
Ncorr DIC software allows for the IC2KF method.

To evaluate the similarity between a given subset in the
reference image and the corresponding one in the deformed
image, a correlation criterion should be introduced. In this
work, a ZNSSD correlation criterion is used with Ncorr:

CZNSSD=
M∑

i=−M

M∑

j=−M

[
f (Xi, Yj )−fm

�f
− g(xi, yj )−gm

�g

]2

(1)

where f(Xi ,Yj ) is the gray level at pixel in the position
(Xi ,Yj ) in the reference image; g(xi ,yj ) is the gray level

of the corresponding pixel in the deformed image; 2M+1
is the size of the subset centered at (X0,Y0) (respectively
(x0,y0)) in the reference image (respectively in the deformed
image) and:
{

fm = 1
(2M+1)2

∑M
i=−M

∑M
j=−Mf (Xi, Yj )

gm = 1
(2M+1)2

∑M
i=−M

∑M
j=−Mg(xi, yj )

(2)

⎧
⎨

⎩
�f =

√∑M
i=−M

∑M
j=−M [f (Xi, Yj ) − fm]2

�g =
√∑M

i=−M

∑M
j=−M [g(xi, yj ) − gm]2

(3)

This correlation criterion ensures no sensitivity to both
offset and linear scale in lighting [33] and indicates good
match when CZNSSD is close to 0 (Fig. 6). In the reference
image, the displacement components of each point (Xi ,Yj )
are denoted by (UXi

,UYj
). UXi

(respectively UYj
) is the

displacement along the x-axis (respectively along y-axis). In
the deformed image, the displacement components of each
material points (xi ,yj ) are denoted by (Uxi

,Uyj
).

• Eulerian configuration In this paper, Eulerian con-
figuration was adopted so that the measured strain
fields can be interpreted from the deformed images. In
fact, when using Eulerian configuration, the cumulative
strain fields are given in the current (or the deformed
image). The components of the Eulerian-Almansi strain
tensor computed from the displacement gradients are
given by:
⎧
⎪⎨

⎪⎩

Axx = 1
2 [2 ∂Ux

∂x
− ( ∂Ux

∂x
)2 − (

∂Uy

∂x
)2]

Axy = 1
2 [ ∂Ux

∂y
+ ∂Uy

∂x
− ∂Ux

∂x
∂Ux

∂y
+ ∂Uy

∂x

∂Uy

∂y
]

Ayy = 1
2 [2 ∂Uy

∂y
− ( ∂Ux

∂y
)2 − (

∂Uy

∂y
)2]

(4)

Direct differentiation of the displacement field is sen-
sitive to noise. This means that noise in the measured
displacement field leads to errors in the strain field obtained
by direct differentiation. In order to overcome this issue,
Ncorr DIC software [32] uses a least squares plane fit on
the displacement data within a strain calculation window
of a given radius (Fig. 7) to determine the displacement
gradients:
{

Ux,plane(x, y) = aUx,plane + ( ∂Ux

∂x
)x + ( ∂Ux

∂y
y)y

Uy,plane(x, y) = aUy,plane + (
∂Uy

∂x
)x + (

∂Uy

∂y
y)y

(5)

where (Ux,plane,Uy,plane) are the displacement components
obtained by the least squares plane fit and (aUx,plane,
aUy,plane) are the parameters of the fitting.

Principal strains, AM and Am where AM (respectively
Am) denotes the major strain (respectively the minor strain)
are defined as the eigenvalues of the strain tensor:
⎧
⎨

⎩
AM = Axx+Ayy

2 + 1
2

√
(Axx − Ayy)2 + 4A2

xy

Am = Axx+Ayy

2 − 1
2

√
(Axx − Ayy)2 + 4A2

xy

(6)
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Fig. 5 a) Incremental and non
incremental correlation and b)
from incremental correlation to
cumulative kinematic fields
(IC2KF)

The equivalent strain is then given by:

Aeq =
√
2

3
(A2

M + A2
m) (7)

A MATLAB script (Fig. 8) was developed to convert the
displacement fields from pixel to micron unit. In addition, it
is used to compute the minor, the major and the equivalent
strain fields. Knowing the image size, this script allows to

superimpose all the measured fields (displacement, strain
and equivalent strain fields) on visual images captured by
the high-speed camera. In this paper, DIC technique is
applied on the recorded images of one segment chip for
kinematic fields measurement. The effect of the rake angle
is examined through the results of the measured strain
fields. Comparison between the equivalent strain reached
within the localized shear band in the case using 0◦ and 15◦
rake angle is made.

Table 1 Classification
of diffrent DIC softwares DIC software Correlation criterion Correlation type Approach IC2KF

Correli Q4 [30] SSD1 Inc. and Non-Inc. Global x
VIC 2D SSD, NSSD2 and ZNSSD3 Inc. and Non-Inc. Local x
7D [31] NCC4 and ZNCC5 Inc. and Non-Inc. Local x
Ncorr [32] ZNSSD Inc. Local +
1SSD: sum of squared differences
2NSSD: normalized sum of squared differences
3NSSD: zero normalized sum of squared differences
4NCC: normalized cross-correlation
5ZNCC: zero normalized cross-correlation
Inc (incremental)
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Fig. 6 Illustration of the subset matching using the DIC technique with local approach

4 Experimental set-up

Orthogonal cutting tests are made on rectangular Ti-6Al-
4V workpiece under a cutting speed Vc=3m/min and a

feed a=0,2mm. The width of cut is equal to 3mm. The
workpiece surface side (Fig. 9) was polished and etched
using a Kroll solution in order to reveal the material
microstructure considered as a natural speckle for particle

Fig. 7 Illustration of the least squares plane fit on the displacement data to determine the displacement gradient
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Fig. 8 Description of the developed script: inputs, outputs and links

tracking. An equiaxed microstructure composed of α and
β phases is observed with an SEM view (Fig. 9c) In this
work, a new experimental bench (Fig. 10) was designed
to ensure high rigidity over hard-to-cut materials such as
titanium and Inconel alloys and more precision in kinematic
fields measurement. Orthogonal cutting tests are made by
translation of the workpiece in front of a fixed cutting
tool. Low cutting speed was chosen in order to validate the
new high-speed optical system. Moreover, the adjustment
of the optical parameters under 3m/min leads to obtain
contrasted images that is suitable for DIC application as
first-conducted test on Ti-6Al-4V alloy. H13A uncoated
carbide cutting inserts were used. The first test was made
with a rake angle of 0◦ while the second one was with 15◦
rake angle. The clearance angle in both tests was equal to
11◦. Perpendicularity of the workpiece surface with respect
to the tool rake face was adjusted to (0, +10 μm). Figure 11
gives the experimental set-up used for high-speed imaging
of the cutting zone.

Cutting forces Kistler 9129AA dynamometer was used for
the cutting efforts measurements. Fc denotes the cutting
force (along x-axis) and Ff is the feed force (along y-
axis). The acquisition frequency was set to 20000 Hz.
Figure 12 gives the evolution of the cutting forces. The mean
values as well as the maximum and the minimum of the
measured forces are summarized in Table 2. Under the same

cutting speed, Fc and Ff decrease when the tool rake angle
increases.

From Fig. 12, an unsteady fluctuation of the cutting
efforts can be observed. Figure 13 shows the periodicity
of Ti-6Al-4V chip segmentation function of the cutting
parameters. Three different domains are identified from
microscopic view made on the collected chips: (i) ape-
riodic segmentation, (ii) transition phase and (iii) quasi-
periodic segmentation. The cutting parameters of a=0.2mm,
Vc≤10m/min and both rake angle (Fig. 13a and b) belong
to the domain of the aperiodic segmentation which explains
the unsteady fluctuation of the cutting efforts (Fig. 12).

5 Results and discussion

The mechanisms of segmented chip formation can be
described with 3 phases (Fig. 13):

• Phase 1: the material near the tool tip starts to
deform under a significant compression along X-
axis. During this phase, an out-of-plane motion
of the segment chip will occur [23]. It can
be attributed mainly to the deformation along
Y-axis. However, the magnitude of this defor-
mation can be neglected with the assumption of
plane deformation.
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Fig. 9 a) Geometry of the workpiece, b) Ti-6Al-4V initial microstructure and c) SEM view and the existing phases

• Phase 2: the localized deformation near the tool
tip starts to propagate towards the free surface
of the workpiece along the adiabatic shear band
(ASB). An intense shear is occurred and reach

the point of the material failure. This will initiate
a crack that starts to propagate along the ASB.

• Phase 3: The crack is fully formed. The ejection
of the segment chip is made by sliding with

Fig. 10 New experimental
bench used for instrumented
orthogonal cutting tests
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Fig. 11 Experimental set-up for
high-speed imaging of the
cutting zone

respect to the shear plane under the asumption
of rigid body motion. With the movement of
the workpiece, the segment chip will further
slide with respect to the tool rake face. The out-
of-plane motion of the segment chip is more
pronounced in this phase.

This description remains phenomenological and limits
the comprehension of the mechanisms of segmented chip
formation. Quantitative data giving the level of strain
reached in the ASB helps to study the effect of the cutting
parameters on the material deformation within the cutting
zone. Thus, it enhances the comprehension of the segment
chip formation from a mechanical standpoint.

5.1 Kinematic fields measurement

• Optical parameters The camera resolution of the
Fastcam APX-RS high-speed camera was set to

512×512pixels. This yields to obtain a scene size of
0.58×0.58mm2 allowing for in situ visualization of the
material flow during Ti-6Al-4V segment chip formation.
The pixel size is theoretically equal to 1.13μm/pixel.
It was adopted for the displacement field conversion
from pixel to micron unit. The integration time was cho-
sen so that it reduces the blur induced by the scene
displacement. Setting a maximum of 2.21pixels dis-
placement, the corresponding integration time is equal
to 50μs. Assuming that the speed of chip motion is
equal to the cutting speed and the segment width is
equal to the feed [23], the number of images per one
segment chip (n) function of frame rate (faq ) can be pre-
dicted. Using 10000 fps with a cutting speed of 3m/min
and a feed of 0.2 mm, theoretically 40 images per one
segment chip can be obtained (8 for calculation).

n = faq × a

Vc

(8)

Fig. 12 The measured cutting
efforts under Vc=3m/min: a)
γ=0◦ and b) γ=15◦
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Table 2 Mean, maximum and
minimum values of the
measured cutting efforts

Test n◦ Ff,mean (N) Fc,mean (N)

Test 1 (Vc=3m/ min; γ=0◦) 577 (max:851/ min: 306) 1377 (max:1841/ min: 701)

Std1 (N): ± 51 Std (N): ± 166

Test 2 (Vc=3m/ min; γ=15◦) 282 (max: 469/ min: 110) 1058 (max: 1375/ min: 591)

Std (N): ± 31 Std (N): ± 141

1Std: the standard deviation of the mean value of the cutting component

Fig. 13 Periodicity of Ti-6Al-4V chip segmentation function of the cutting speed and the feed under: a) γ=0◦ and b) γ=15◦
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Fig. 14 Mechanisms of segmented chip formation

Fig. 15 a) Visual images
obtained during Ti-6Al-4V
segment chip formation under
Vc=3m/min and γ=0◦; b)
displacement field along x-axis
(Ux ) and c) displacement field
along y-axis (Uy )
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• DIC parameters Digital image correlation was applied
on the recorded images from the cutting zone during
chip formation. Ncorr DIC software using a local
approach was used [32]. The region of interest (ROI)
was discretized into circular subset with a radius of
25pixels. The subset spacing as defined with the DIC
software was set to 1pixel. This means that the distance
separating two consecutive nodes is equal to 2pixels
(1+subset spacing). For the strain calculation, a window
with a radius of 5pixels was adopted.

• Results of kinematic fields measurement Digital
image correlation was applied on 34 images (respec-
tively on 33 images) for the test made with Vc=3m/min
and γ=0◦ (respectively for the test made with
Vc=3m/min and γ=15◦). Images were chosen before
the segment chip starts to slide with respect to the shear

plane (which corresponds to the final stage of the sec-
ond phase (Fig. 14)) in order to avoid error on the
computed strain fields induced by the crack propagation
within the localized shear band and the segment slid-
ing under the assumption of rigid body motion. Hence,
the theory of the mechanics of continium media is no
longer valid for cumulative strain calculation during the
third phase of segment chip formation. During Ti-6Al-
4V chip segmentation, the shear strain cumulates at the
tool tip and then propagates within the ASB [23, 24,
26]. Reaching the material failure, the crack starts to
propagate from the tool tip towards the free surface of
the workpiece. At this stage, the segment chip slides
with respect to the shear plane under the assumption of
rigid body motion. Results of the measured displace-
ment fields are given in Figs. 15 and 16. The measured

Fig. 16 a) Visual images
obtained during Ti-6Al-4V
segment chip formation under
Vc=3m/min and γ=15◦; b)
displacement field along x-axis
(Ux ) and c) displacement field
along y-axis (Uy )
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strain fields are given in Figs. 17 and 18. The displace-
ment fields along x-axis (Figs. 15b and 16b) and y-axis
(Figs. 15c and 16c) were obtained after conversion from
pixel to micron unit.

• Analysis Figures 15a and 16a give the visual images
during Ti-6Al-4V segment chip formation as captured
with the high-speed camera. It also gives the direction
of the localized shear band. The cumulative displace-
ment field along x-axis (Ux) highlights a maximum
gradient that reaches ≈150μm during the final stage of
the second phase of segment chip formation using 0◦
rake angle while it reaches ≈130μm in the case using
15◦. The gradient of the cumulative displacement field
along y-axis (Uy) is found also higher in the case using
0◦ rake angle than in the case using 15◦. Therefore,
segment chip is more subjected to deformation in the
case using 0◦ rake angle. The measured strain fields
(Figs. 17 and 18) highlight the appearance of localized
shear band that is consistent with the mechanisms of Ti-
6Al-4V chip formation. It shows that strains cumulated
at the same location and there is no movement of the

shear plane during the first two phases of segment chip
formation. Strain localization near the tool tip (phase
1) is shown to be slow and appears with image n◦20
for both rake angles. Propagation of the strain local-
ization form the tool tip towards the free surface of
the workpiece (phase 2) occurs rapidly and ends with
image n◦32. At the subsurface of the workpiece and far
from the machined surface, the strain components were
found equal to 0 which is consistent with the assump-
tion of rigid body motion at this zone. With a cutting
tool of 0◦ rake angle, the equivalent strain reaches ≈4
in the localized shear band while it reaches ≈3 with a
cutting tool of 15◦ rake angle. Using 0◦ rake angle, the
segment chip was found to be more subjected to com-
pression and shear than in the case using a 15◦ rake
angle. The last can be correlated with the measured cut-
ting efforts (Table 1) where the cutting and the feed
forces using 0◦ rake angle are higher than in the case
using 15◦ rake angle.

• Accuracy assessment The main source of errors in
strain field measurement within the cutting zone is the

Fig. 17 The measured
Eulerian-Almansi strain
components during Ti-6Al-4V
chip segmentation under
Vc=3m/min and γ=0◦: a) Axx ;
b) Axy ; c) Ayy and d) Aeq
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Fig. 18 The measured
Eulerian-Almansi strain
components during Ti-6Al-4V
chip segmentation under
Vc=3m/min and γ=15◦: a) Axx ;
b) Axy ; c) Ayy and d) Aeq

out-of-plane motion of the chip. In order to evaluate the
accuracy of the measured strain fields, the effect of out-
of-plane displacement was examined. An out-of-plane
displacement with an increment of 10μm was applied
along the optical axis and an image was recorded at each
step. The mean value of the virtual equivalent strain was
measured.

The result of the measured mean value of the
virtual equivalent strain function of the out-of-plane
displacement and for different subset radius is given
in Fig. 19. Using a subset radius of 25pixels, the
maximum mean value of the virtual equivalent strain
reaches ≈ 6, 5.10−2 which is negligible comparing to
the measured equivalent strain reached in the localized
shear band (≈4 using 0◦ rake angle and ≈3 using
15◦ rake angle). The last proves the property of
the DIC application for kinematic fields measurement
during orthogonal cutting and therefore reliability of the
measured strain fields.

Fig. 19 Mean value of the virtual equivalent strain function of the
out-of-plane displacement and for different subset radius
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Fig. 20 SEM view on Ti-6Al-4V chip obtained during orthogonal cutting under Vc=3m/min: a) γ=0◦ and b) γ=15◦

6 Chipmorphology and characteristic

• Chip morphology analysis A scanning electron
microscopy (SEM) view was made on Ti-6Al-4V chip.

Segmented chips were observed highlighting crack
opening within the localized shear band and high mate-
rial failure near the tool-chip contact zone (Fig. 20).
The last gives one of the main difficulties of the DIC

Fig. 21 Ti-6Al-4V chip
microstructure obtained after
orthogonal cutting under
Vc=3m/min: a) γ=0◦ and b)
γ=15◦
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application in the context of kinematic fields measure-
ment during orthogonal cutting. Material discontinuity
induced by crack implies subset truncation for more
accuracy in the measured strain fields.

• Chip microstructure analysis Collected chips were
polished and etched in order to study the impact of the
cutting process on the material microstructure. SEM
views (Fig. 21) were made on the Ti-6Al-4V chips. A
focus was done on the primary and the secondary shear
zones. A deformed β-phase was observed within the
adiabatic shear band. Elongated β-phase was observed
within the secondary shear zone (SSZ). The width of the
SSZ in the case using 0◦ rake angle (Fig. 21a) is equal
to 18.5μm. Less elongated β-phase was observed in the
SSZ when using a 15◦ rake angle (Fig. 21b). The last
proves that material within the SSZ is more subjected to
deformation in the case using 0◦ rake angle. Figure 21
shows crack near the free surface of the chip which
is not connected to the tool-chip contact zone. Indeed,
this observation is made through the width of the chip
after material removal due to polishing. It highlights
the difference between crack formation at the surface

of the chip (Fig. 20) and through the width (Fig. 21).
As mentioned by Komanduri et al. [34] and proven by
Pottier et al. [23] (after observation of the chip through
thickness), this results from the high hydrostatic stress
within the center of the chip which disables crack
formation near the tool-chip contact zone.

• Segment width and shear angle analysis The recorded
video of the cutting process was obtained with
sufficient quality allowing for the measurement of the
segment width and the shear angle (Fig. 22). The
segment width was measured in order study the effect
of the rake angle on the chip compression.

Occurrence of the chip segment width was fitted with
a normal distribution in order to determine the mean
value of the chip segment width for both the tests. In the
case using a 0◦ rake angle (Fig. 22a), the mean value
of the chip segment width is equal to 0.17mm which
is slightly lower than in the case using 15◦ rake angle
(Fig. 22b) as the mean value of the chip segment width
was found equal to 0.19mm. The last can be traced
back to the fact that the chip segment is more subjected
to compression along x- and y-axis (Axx and Ayy) in

Fig. 22 Ti-6Al-4V chip characteristics: occurrence of the chip segment width and the shear angle measured from the recorded video obtained
during orthogonal cutting under Vc=3m/min: a) γ=0◦ and b) γ=15◦
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the case using 0◦ rake angle (Fig. 17a and c) than in
the case using 15◦ rake angle (Fig. 18a and c). The
measured shear angle ranges almost between 30 and
60◦ for both rake angles. This proves the changes of the
shear plane location in each segment chip formation. It
can be associated to the difference of grain orientation.
A significant dispersion on the measured segment width
can be seen from Fig. 22. It may result from the
difference of the thermomechanical load reached in the
PSZ, responsible of the material failure. As a result, the
amount of material failure will be different from one
segment to another.

7 Conclusion

This paper outlines the methodology and technique used for
kinematic fields measurement during orthogonal cutting and
thus a local scale analysis of Ti-6Al-4V chip formation. In
situ visualization of the material flow during chip formation
remains a non-trivial task regarding the submillimetric size
of the cutting zone and the rapidity of the orthogonal
cutting process. New experimental bench was designed and
used for instrumented orthogonal cutting tests. A dedicated
optical system using beam-splitter for coaxial illumination
that made possible to reveal the material microstructure
considered as a natural speckle for particle tracking was
proposed. An optical solution for intense illumination of
submillimetric zone was designed and allows to reach
a relatively high cutting speed of 40m/min. Unblurred
images which are well exposed to light were obtained from
the cutting zone. A novel method of DIC technique was
applied on the recorded images and yields to measure the
cumulative kinematic fields. It allows to study the evolution
of the strain fields during one segment chip formation. The
measured strain fields highlight the appearance of localized
shear band which is consistent with the mechanisms of
Ti-6Al-4V chip formation. Indeed, the segment chip was
found to be subjected mainly to shear and compression.
Moreover, at the subsurface of the workpiece and far from
the machined surface, the measured strain fields was found
equal to 0 which match with the assumption of rigid body
motion at this zone. In order to evaluate the property of
the DIC application, the effect of out-of-plane displacement
was examined. The mean value of the virtual equivalent
strain was found negligible compared to the measured
equivalent strain reached in the localized shear band and
thus proves the reliability of the measured strain fields.
Correlation between the measured strain fields along x- and
y-axis and the mean value of the chip segment width was
made in order to reveal the effect of the cutting tool rake
angle. Indeed, using a 0◦ rake angle, the chip segment was
found to be more subjected to compression which explains

the fact that the mean value of the chip segment width is
lower compared to the case using 15◦ rake angle. In future
work, instrumented orthogonal cutting tests on Ti-6Al-4V
will be conducted with higher cutting speeds. This require
increasing the frame rate and the light intensity that leads to
reduce the integration time in order to obtain good images
qualities under cutting speeds that may be closer from the
used ones in industry.
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