
HAL Id: hal-04472803
https://hal.science/hal-04472803v1

Submitted on 22 Feb 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

In situ thermomechanical analysis of the primary shear
zone in Inconel 718 orthogonal cutting

Corentin Poissenot, Bertrand Marcon, Bruno Berthel, Frederic Rossi,
Guillaume Fromentin

To cite this version:
Corentin Poissenot, Bertrand Marcon, Bruno Berthel, Frederic Rossi, Guillaume Fromentin. In situ
thermomechanical analysis of the primary shear zone in Inconel 718 orthogonal cutting. Interna-
tional Journal of Advanced Manufacturing Technology, In press, �10.1007/s00170-024-13131-8�. �hal-
04472803�

https://hal.science/hal-04472803v1
https://hal.archives-ouvertes.fr


 https://doi.org/10.1007/s00170-024-13131-8

In situ thermomechanical analysis of the primary shear zone 
in Inconel 718 orthogonal cutting

Corentin Poissenot‑Arrigoni1 · Bertrand Marcon1 · Bruno Berthel2 · Frédéric Rossi1 · Guillaume Fromentin1

Abstract
Inconel 718 is a challenging alloy to machine, commonly employed in the aeronautic and energy industries. There is a con-
tinual need to enhance our understanding of its cutting processes to improve its machining applications. This research presents 
an in situ analysis of the kinematic and thermal fields behaviour of a serrated chip, during orthogonal cutting in the primary 
shear zone. This study involves a specific self-designed optical system enabling the simultaneous acquisition of both a visible 
high-speed CCD camera and an infrared camera via a single × 25 magnification reflective objective. A particular attention 
is brought to evaluate the accuracy of the whole optical system to measure the thermomechanical fields in the unfavourable 
peculiar cutting conditions among such are high strain rates, texture evolution, strong thermal gradients, and very narrow 
observation window. The description of the digital image correlation technic within the visible range and the infrared images 
post-processing are both affronted, and their limitations exposed. To conclude, a deeper characterisation of the primary shear 
zone shape is done from the kinematic and the thermal point of views showing that, at least under the employed cutting 
conditions and for Inconel 718 alloy, the primary shear zone width exhibits no thickness despite the literature.

Keywords Orthogonal cutting · In situ analysis · Full field measurements · Infrared thermography · Digital images 
correlation · Primary shear zone

1 Introduction

Machining is a material removal process commonly used 
in industry because it allows obtaining complex shapes on 
hard material. However, this cutting process implies intri-
cate mechanisms that could undergo severe thermomechani-
cal stress on the machined material, that potentially affects 
the geometry and the surface integrity of the final part if 
inadequate cutting conditions are selected [1–3]. Then, the 
understanding of cutting phenomenon seems to be relevant 
to predict the impact of the process on the final part.

To experimentally study the thermomechanical loads 
induced by machining operation, the post-mortem analysis 
of the chip morphology during a quick stop test could be 
used [4]. This method gives the orientation of the primary 

shear band and information about the maximal stress and the 
temperature the material underwent through, thanks to the 
observation of the chip and the subsurface microstructure. 
To obtain in situ real time information, dynamometer and 
thermocouples are mainly used to respectively measure cut-
ting force and temperatures [5]. Although these two means 
of measurement have a high acquisition rate, the dynamom-
eter give only global cutting force and the measures are 
largely disrupted by the natural frequency and undesirable 
dynamic influences; whereas thermocouples give only local 
information and large strain could break down the measures 
[6]. Therefore, in case of serrated chip formation, it seems 
very hard to obtain accurate information in the Primary 
Shear Zone (PSZ).

More recently, full field measurement technics have 
allowed observing cutting in real time. Trough visible 
camera and Digital Images Correlation (DIC) analysis, it 
is possible to have access at the kinematic fields [7], and 
on another hand, infrared cameras permit the access to the 
thermal field [8]. In most machining study, only one type of 
camera is used, however, some contributions have success-
fully coupled infrared and visible cameras during orthogonal 
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cutting operation [9–13]. In addition, some studies have also 
coupled visible and infrared cameras too, on other mechani-
cal experiments, as tensile or Hopkinson test [14–19]. In 
case of machining, it seems that the VISIR developed by 
Harzallah [11] appears to be up to now the most efficient 
thermomechanical observation system. However, the infra-
red camera frame rate and the selected objective seems not 
optimised to characterize the PSZ.

In the literature, the thermomechanical behaviour under 
cutting conditions leading to a continuous chip has been 
largely studied. Thus, it exists several more or less complex 
formulas to describe the PSZ, validated via experimental 
results or numerical simulation on specific material and cut-
ting conditions. The contributions of [20] or [21] are ones of 
the most famous analytical models. However, in the case of 
serrated chip morphology, there is no analytical solution or 
numerical model validated in the general case and the com-
plexes mechanisms of the chip formation is not completely 
understood.

In this study, a new optical system allowing observing 
simultaneously the kinematic and the thermal in-plane fields 
is developed. Later, an analysis allowing characterizing the 
primary shear zone of a serrated chip formation, but being 
extendable to continuous chip morphology is done.

2  Experimental setup

2.1  Imaging system

To observe the kinematic and the thermal fields dur-
ing orthogonal cutting, a specific optical system has been 
designed. The overall optical coupling system is presented 
on the Fig. 1. Thanks to the proposed imaging system, a 

visible camera together with an infrared one can simulta-
neously record frames through a unique objective. In first, 
a × 25 reflective objective infinity corrected, with a protected 
silver coating has been selected, because it operates on a 
large spectral range including these of the two cameras. The 
working distance of the objective is 12.5 mm and the depth 
of filed is around the micrometre. Then, a platinum dichroic 
beam splitter separates the optical flux by wavelengths 
toward the adequate camera. At the exit of this component, 
a first optical path is dedicated to the visible camera and a 
second to the infrared camera. The infrared flux is focused 
on the sensor thanks to an off-axis parabolic mirror, whereas 
the visible bean is focused on the visible camera sensor by 
the means of a tube lens. In addition, on the visible optical 
path, a beam splitter (50/50; Transmission/Reflection) has 
been added, in view to embed confocal illumination.

The thermal images are recorded by a Telops MS-M3k 
camera. This infrared camera has an InSb (Indium Antimo-
nide) sensor operating within the spectral range of 1.50 to 
5.50 µm, with a resolution of 320 × 256  pixel2, a pitch of 
30 µm, and an indicated Noise Equivalent Temperature Differ-
ence (NETD) of 25 mK. For this study, a broadband filter with 
a spectral range of 3.11 to 5.50 µm has been used. For the vis-
ible images, a high-speed CCD camera Photron FASTCAM 
SA-Z has been used. This camera has a sensor resolution of 
1024 × 1024  pixel2 and a pitch of 20 µm. Table 1 summarizes 
the main characteristics of the two cameras.

To analyze the images of the two cameras, the synchroni-
zation of these two means of measurement has to be insured. 
Thereby, thanks to a specific trigger and cameras settings, 
the two means of measurement are synchronized at the near-
est of the microsecond. Given the setting, integration time 
of cameras will be greater than 13 µs, the synchronization 
is considered as suitable. At the end, the Fig. 2 gives an 
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Fig. 1  Presentation of the imaging system: scheme of the optical components (a), view of the system (b)



example of one combined image obtained via the optical 
system developed where the thermal field is represented over 
the observation of the scene at the tip of the cutting tool.

2.2  Orthogonal cutting setup

The orthogonal cutting tests are performed during a plan-
ning operation along the x-axis of a DMG DMC 85VL 
3-axis gantry milling center embedded with linear motors 
allowing for rather fast cutting speed (120 m.min−1 in the 
X-direction). In view to facilitate the observation of the ser-
rated chip formation, the sample is embedded on the X-axis 
carriage thanks to a specific part-clamping device (sample 
moves) and the tool is clamped on the machine table (tool 
is fixed). Concerning the frames acquisition, the thermome-
chanical observation system is placed in front of the tool. 
Figure 3 shows the orthogonal cutting experimental design.

A 2  mm thick (Y-direction) and 30  mm in length 
(X-direction) sample in Inconel 718 has been machined. 
This super alloy used in aeronautic industry has been 
selected because its low thermal conductivity induces a 

high temperature in the primary shear zone and a serrated 
chip could be formed even at low cutting speed. There-
fore, the serrated chip formation process may be observed 
with a low acquisition frame rate, then compatible with the 
limitations of the infrared camera (frame rate and integra-
tion time). For this study, an uncoated carbide tool with a 
rake angle of 20° and a cutting-edge inclination of 1.68° 
(measured once the tool is clamped in the machine) have 
been selected. Although the geometry of this tool is not 
optimised to machine nickel-based alloy, it has been chosen 
because its significant rake angle (α = 20°) allows limiting 
the lateral burr and the lateral expansion of the chip, whom 
could lead to blurred images due to the low depth of field 
of about 1 µm of the × 25 reflective objective. In addition, 
the non-zero cutting-edge angle is necessary to bring the 
side burr and out of plane deformations as much as pos-
sible toward the opposite of the observed surface. To fin-
ish, Table 2 presents cutting conditions and cameras setting 
used for each pass.

2.3  Images characterisation and processing

Given that cameras are used, the observed surface prepara-
tion of the samples could have a significant influence on 
the quality of the recorded experimental data, either within 
the visible range for the displacement fields from DIC 
analysis (inhomogeneous surface pattern, correlation error, 
etc.), and within the infrared range (emissivity, reflections, 
etc.). It is well-known that for digital images correlation, a 
randomly textured surface is the optimum, whereas a mat 
homogeneous surface with as high as possible emissivity is 
recommended for the infrared thermography. Therefore, to 
perform the two technics simultaneously, a trade-off must 
be found. Therefore, the sample is polished and etched by 
Adler solution to create a speckle pattern for the DIC pur-
pose, and a thin carbon coating is added to raise the emis-
sivity of the observed scene by darkening the surface and 
being enough transparent to keep the Inconel microstructure 
(emphasized by the Adler chemical attack) exploitable by 
the DIC software.

Table 1  Cameras and frames 
characteristics

Camera Telops MS-M3k Photron FASTCAM SA-Z

Sensor InSb CMOS
Spectral range 3.11 – 5.50 µm 0.4 – 1.0 µm
Resolution 320 × 256  pixel2 1 024 × 1 024  pixel2

Pitch 30 µm 20 µm
Spatial resolution with a × 25 objective 1.25 µm.pixel−1 0.81 µm.pixel−1

Maximum acquisition frame rate 3 100 Hz (image size 
of 320 × 256)

100 000 Hz (image 
size of 64 × 4)

20 000 Hz (image size of 320 × 256)
2 100 000 Hz (image size of 64 × 4)

Setting integration time 1—200 µs 1—1 000 µs

200 µm

Vc

Fig. 2  Example of image obtained via the optical system during 
orthogonal cutting at  Vc = 4 m.min−1;  hTC = 0.1 mm and a rake angle 
of 20°



A defect in optical component or in the mirror align-
ment could lead to distortions along both optical paths. The 
magnification assessment has been conducted through two 
different methods: by DIC and with the observation of cali-
brated indentations prints (obtained by Knoop and Vickers 
tests). According to Table 3, the spatial resolution of the 

visible path is 0.81 µm.pixel−1 and 1.25 µm.pixel−1 for the 
infrared path.

Based on [22], an integration time insensitive and pixel 
wise radiometric calibration has been implemented. A CI 
System SR-800R-7A-ET-HU black body source has been 
used to obtain the experimental data required to implement 

Fig. 3  Orthogonal cutting con-
figuration in the machine tool
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Table 2  Camera settings 
 (facq: frame acquisition rate, 
IT: Integration Time) in 
correspondence to cutting 
conditions used in this study 
 (hTC: cut thickness, Vc: cutting 
speed)

Cutting conditions Infrared camera setting Visible camera setting

Test hTC [mm] Vc [m.min−1] Resolution  [pixel2] facq
[Hz]

IT
[µs]

Resolution  [pixel2] facq
[Hz]

IT
[µs]

1 0.1 4 192 × 132 4 000 90 1 024 × 1 024 20 000 35.00
2 0.1 10 192 × 132 6 000 37 1 024 × 688 30 000 26.25
3 0.1 15 192 × 132 6 000 27 512 × 512 60 000 15.66
4 0.1 20 192 × 132 6 000 20 512 × 512 60 000 13.75

Table 3  Assessment of the spatial resolution of each optical path

Visible path Infrared path

Test Test mark size
[pixel]

Test mark size
[µm]

Spatial resolution 
[µm.pixel−1]

Test mark size
[pixel]

Test mark size
[µm]

Spatial 
resolution [µm.
pixel−1]

Indentation 1 231 187 0.810 149 187 1.255
Indentation 2 148 120 0.811 96 120 1.250
Indentation 3 79 64 0.810 51 64 1.254
DIC 0.811 1.250



the radiometric calibration, as shown of the Fig.  4(a). 
According to the Fig. 4 (b), the digital levels fluxes of the 
infrared camera evolve linearly compared to the radiance of 
the observed black body source. Then, the calibration curve 
is a straight line. Therefore, only few experimental points 
are necessaries to create a global calibration on large tem-
peratures range (this point being widely affronted in [22]). 
Figure 4 (c) presents the assessment of the calibration. Based 
on more than 1 200 000 measures, this radiometric calibra-
tion leads to a mean error of + 1.02 °C, a standard deviation 
of 1.50 °C, and all the values have an error included in the 
interval [-5.93; + 8.28] °C.

According to [23], thanks to the Telops MS-M3k multi-
spectral infrared camera mounted with pairs of filters and 
used as bi-chromatics pyrometer, a mean emissivity ( � ) 
of 0.39, with a standard deviation of 0.02 has been meas-
ured on the spectral range 3.11–5.50 µm for the observed 
Inconel 718 sample, as shown on the Fig. 5. Therefore, for 
the rest of the study, a constant emissivity of 0.39 will be 
used for the image processing.

The conversion from the radiance to the absolute tem-
perature is possible thanks to equation developed by [24].

Rad
(

Im
X,Y

)

= �
�1,�2

∗ ∫
�2

�1

2hc2�−5

exp

(

hc

�kTImX,Y

)

− 1

d�

+

(

1 − �
�1,�2

)

∗ ∫
�2

�1

2hc2�−5

exp
(

hc

�kTenv

)

− 1

d�

with Rad and T  , the radiance and the absolute temperature 
of the pixel with the coordinates X, Y  for the image Im , �

�1,�2
 

the emissivity of the observed scene, �1, �2 the spectral range 
of the infrared camera, h the Planck constant, k the Boltz-
mann constant, c the celerity of the light, T

env
 the radiomet-

ric temperature of the environment. The usual Planck’s law 
expressed for a solid angle not having analytical solution, 
the integral is calculated numerically by the trapeze method 
with a step of 3.9 ×  10–4 µm, which discretizes the spectral 
band in 1000 elements with a considered low residue. The 

 ; R² = 0.99

Fig. 4  Radiometric calibration procedure: experimental set up (a), calibration curve (b), and radiometric calibration error (c)

Fig. 5  Distribution of the emissivity of the Inconel 718 sample pol-
ished and chemically attacked by Adler solution



Table 4 summarizes parameters uses to convert the digitals 
levels given by the camera in absolute temperatures.

Finally, Fig. 6 presents a result of the thermal image pro-
cessing to access the absolute temperature of the observed 
scene. Beyond the method allows to convert digital levels in 
absolute temperature, an important numerical processing is 
applied through the radiometric calibration to homogenize 
the pixel response and have accurate and reliable thermal data.

The characterization of the kinematic fields in the pri-
mary shear zone by the DIC method does not seem triv-
ial. Indeed, the large deformations (both in-plane and out 
of plane) in this zone can alter the shades of gray levels 
(DIC being based on the grey level conservation princi-
ple) or even make the images blurry. The strong kinetics 
observed in this zone can also induce streaking phenom-
ena and therefore blurred images that will have the direct 
consequence of degrading the uncertainty of DIC measure-
ment. It is thus obvious that in the context of machining, 
the images obtained are degraded compared to quasi-static 
mechanical tests. According to Hild and Roux [25], a DIC 
method based on a global approach seems more efficient to 

measure complex displacements with noisy reference images 
compared to a local DIC method. In addition, according to 
[26–28], a global DIC approach seems to be more adapted 
than a local method to estimate discontinuous deformation. 
Therefore, the Correli Q4 software [29], which is based on 
a global approach, is selected. Table 5 summarizes the con-
figuration of this DIC software, according to [29], and the 
results of the pre-analysis modules available in the software 
to minimize the correlation errors by selecting the best dis-
cretization size, called zone of interest (ZOI), number of 
scales, and the number of iterations to reach a satisfying 
convergence of the calculation.

Table 4  Input parameters 
necessary to convert the 
radiance of a pixel in absolute 
temperature

Parameters Values

Planck constant: h 6.6226176 ×  10–34 [J.s]
Boltzmann constant: k 1.380662 ×  10–23 [J.K−1]
Celerity of the light: c 2.998 ×  108 [m.s−1]
Spectral range of the IR camera sensor: λ1- λ2 3.11—5.50 [µm]
Environment temperature: TEnv 20.0 [°C]
Emissivity: � 0.39 ± 0.02 [-]
Wavelength discretization for the Planck’s equation integral 3.90 ×  10–4 [µm]
Temperature discretization for Planck’s equation integration 0.1 [K]
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Fig. 6  Example of the thermal image processing of an Inconel 718 orthogonally cut, with  Vc = 4 m.min.−1;  hTC = 0.1 mm: raw data in digital 
level from the infrared camera sensor (a), absolute temperature post-processed data (b)

Table 5  Setting of the Correli Q4 software for the DIC analysis

Zone of Interest (ZOI) size 16 pixels
Number of scales 3
Maximum number of iterations 200
Type of calculations Incremental 

DIC calcula-
tions



To characterize the DIC performance and optical dis-
tortions, a pass with the correct cutting speed but without 
machining is performed (only sample translation) and a DIC 
calculus has been realized. As shown on Fig. 7, after remov-
ing the rigid body motion, a standard deviation of 0.23 pixel 
(corresponding to 0.18 µm) is obtained for the total dis-
placement and all the results are included in the interval 
[-0.9; 0.8] pixel (corresponding to [-0.73; 0.65] µm). There-
fore, in the rest of the study it will be considered that all DIC 
results are included within the range of [-0.73; 0.65] µm. 
These results show a drawback in alignment of the optical 
components since the errors are spread uniformly over the 
observed surface.

In the end, thanks to a camera coupling system, a milling 
operation was instrumented, making it possible to simulta-
neously observe the kinematic and the thermal fields under 
cutting conditions.

3  Results and discussion

3.1  Analysis of the strain in the primary shear zone

To study the mechanical characteristics of the primary shear 
zone, DIC analysis is performed. Firstly, to define the locali-
zation of the strain, a mean of the equivalent Von Mises 
strain, based on the analysis of 1200 consecutive images 
(corresponding approximately to the creation of 25 seg-
ments), after the cutting stabilized has been calculated (far 
from the tool entrance into the work material and far from its 
exit). In addition, the limits of the deformed area have been 
defined, as shown on the Fig. 8 (red lines). It is important to 

note that the absolute strain values depend on the acquisition 
frame rate of the visible camera, because incremental DIC 
has been used. However, the use of incremental DIC has no 
impact on the localization of the deformed region.

According to the Fig. 8, it seems that the deformed region 
may be likened to an oval shape, rather than a band. To 
complete the analysis, the mean width and length of the 
deformed zone has been estimated at respectively 42 and 
249 µm. By using the same method, the analysis of the 
deformed region has been conducted for others cutting con-
ditions. The results are synthetized in Table 6.

According to Table 6, it seems that the cutting speed has 
no significant influence on the size of the deformed shape 
localized close to the primary shear zone, which agrees with 
the literature.

As mentioned before, these first results are based on the 
formation of several segments (25). Then, it is not really pos-
sible to define at each instant the characteristics of the pri-
mary shear zone. To define more accurately the mechanical 
aspect of this specific region, the analysis of the formation of 
one segment (that represents approximately 50 consecutive 
images for a cutting speed of 4 m.min−1) has been done. For 
this, for each image, the center of the primary shear zone is 

Fig. 7  Assessment of the DIC calculation errors by ZOI over the 
observed Inconel 718 sample surface (polished, Adler chemical 
attack, no machining, and  Vc = 20 m.min−1), 1 ZOI = 16 pixels

Fig. 8  Localization of the deformed area with the mean of the equiva-
lent Von Mises strain at  Vc = 4 m.min−1;  hTC = 0.1 mm

Table 6  Characteristics of the primary shear zone for different cutting 
conditions

Cutting conditions Deformed zone characteristics

Vc [m.min−1] hTC [mm] Width [µm] Length [µm]

4 0.1 42 249
10 0.1 38 245
15 0.1 46 247
20 0.1 40 248



determined by assuming that its center is localized where 
the largest strain is observed. Table 7 shows the reference 
image and the DIC results with the center of the PSZ, plot-
ted arbitrarily for 5 different images along the formation of 
one segment. In addition, on the Fig. 9, the curves of the 
centers of the primary shear zone of each image presented 
in Table 7, are plotted on the same graphic, in order to track 
the evolution of the localization of the primary shear zone 
at different instants of the segment formation.

Firstly, according to the Fig. 9, it seems that the center of 
the primary shear zone is not fixed over time and its shape 
evolves with different forms of curves. At the start of the 

segment creation (image 1), the center of the primary shear 
zone looks like a convex curve, then at the middle (image 
117), it fits to a straight line and to finish (image 150), it 
seems to be similar with a concave curve. These different 
shapes of the primary shear zone could be explained by the 
fact that the non-deformed material moves at the imposed 
cutting speed, and then, the deformed material is pressed by 
the flow of the undeformed material. At the end, it seems 
that the localization of the primary shear zone is not fixed 
during the process of the segment formation.

Secondly, based on each DIC results presented in the 
Fig. 10, it seems that the width of the PSZ is approximately 

Table 7  DIC results at different 
instants of a segment formation 
 (Vc = 4 m.min−1;  hTC = 0.1 mm)

Reference image Deformed image
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of 2 ZOIs (with a ZOI size of 16 pixels). However, all the 
DIC calculations have been realized with the same ZOI size 
and the mesh is not aligned with the strain, then it seems 

not possible to conclude about the width of this region, with 
these results. It is accepted by the community that the PSZ 
has a so-called width, as in Grezik’s [30] geometrical model 
for example. Nevertheless, it seems not that obvious when 
looking at the PSZ with sufficient magnification. To try to 
define correctly a PSZ width, DIC computation is performed 
on the same reference and deformed images (respectively 
images number 11 and 12) varying only the ZOI size from 
8 to 64 pixels as represented in the Fig. 10.

As shown in Fig. 10(b), the deformed width and then the 
potential PSZ width, is constant with a value of 2 ZOIs, no 
matter the size of the ZOI. Then, via the application of the 
spatial resolution, this parameter value would rise depend-
ing on the ZOI size, that it seems not reasonable. Thus, it 
seems that the DIC method, with ZOI sizes used in this study 
(8 pixels or higher) is not able to accurately characterize the 
PSZ width. Therefore, in these specific experimental condi-
tions (sample in Inconel 718; Vc = 4 m.min−1; hTC = 0.1 mm), 
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Fig. 9  Analysis of the formation of a segment  (Vc = 4  m.min.−1; 
 hTC = 0.1 mm)
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if the PSZ has any dimension, is for sure at least lower than 
12.96 µm (result obtained for a ZOI of 8 pixels). In addition, 
based on these results and the videos recorded during orthog-
onal cutting, where it is possible to see a slipping during the 
formation of a segment, it could be possible to consider that 
the PSZ is the result of the slipping of two surface and then 
it has no width. However, the results presented in this study 
do not allow validating or refuting definitely this hypothesis.

At the end, it seems that in these experimental condi-
tions, leading to the formation of serrated chip, the strain in 
the primary shear zone evolves in a deformed oval-shaped 
region with time. In addition, at a specific instant, the shape 
of the primary shear zone is not necessarily a straight line, 
but a convex or a concave curve depending on the progress 
in the process of the serrated chip formation. To finish, the 
elements of this study do not allow concluding about a pri-
mary shear zone width and suggesting that it has no width, 
because it could result in a slipping of two surface.

3.2  Thermal characteristics in the primary shear zone

To extend that the analysis of strain via the DIC method did 
not allow to define clearly the characteristics of the primary 
shear zone, it has been decided to try to improve its under-
standing using thermal field data. However, the infrared 
camera does not offer a high acquisition frame rate like the 
visible camera. Therefore, to have the most images possible 
during the creation of one segment, the data from the test 
with a cutting speed of 4 m.min−1 have been exploited.

Table 8 presents the thermal field of the primary shear 
zone during the formation of one segment. Firstly, accord-
ing to the image 1, it seems that the heat source starts close 
to the tool tip, and then, based on image 2 to 4, it spreads 
toward the free side of the chip. To extend that, the tool tip is 
a region with a large compression strain that could be the ini-
tiation mechanism of the segment and hence constitutes an 
important heat source. These observations are corroborated 
by [31], which observed the same mechanism initiating the 
formation of a segment (from the tool tip, to the free edge of 
the chip) in a Ti6Al4V, using a visible camera.

To try to establish the thermal characteristics of the PSZ, 
the center of this region has been defined once again in the 
same way than for the DIC analysis (previous subsection), 
by considering that the center of this zone is localized where 
the temperature reaches its maximum (as shown in example 
on the Fig. 11 (a)). Next, a straight-line perpendicular to the 
center of the primary shear zone is traced and for each pixel 
of this straight line, the mean temperature parallel to the 
primary shear zone is calculated. As a result, for each image, 
a profile curve of the temperature is obtained, as presented 
on the Fig. 11(b).

On this profile curve, from pixels 150 to 67, correspond-
ing to the pixels in the work part, a rise of the temperatures 

is observed. Then, at the pixel 66, the maximum temperature 
corresponding at the center of the thermal primary shear zone 
is observed. To finish, from pixels 65 to 1, the cooling in the 
chip is observed. Based on this profile curve, it seems not 
trivial to define clearly a width of the primary shear zone, 
because the diffusivity of the heat in the material, induces 
continuous smooth temperatures, not allowing identifying 
singular points considered than boundaries of the primary 
shear zone. A criterion based on temperature gradient cut-off 
could be established, however, the elements of this study are 
unclear from determined an objective cut-off value.

By plotting temperatures profiles for different images, it 
is possible to obtain the temperature evolution during the 
formation and development of a single segment, as shown 
on the Fig. 12.

According to the Fig. 12(b), it seems that the width of the 
hot region increases with time. In fact, it is possible to see that 
the portion of material with a temperature upper than 350 °C 
(corresponding to colors yellow and white on the Fig. 12), is 
empty at the image 1 and higher than 20 pixels at the image 
15. To complete this observation, the width of the hot tem-
perature region has been estimated directly on each image, as 
shown on the Table 8. The estimated width started with a size 
of 2 pixels at the image 1 and finished with a size of 20 pixels 
at image 10. Thus, the width of the hot region expands with 
the progress of the creation of the segment. However, the size 
of the hot region does not necessarily correspond to the size 
of the heat source, because via the diffusivity of the material, 
the heat is conducted into the sample. In addition, given that 
for images 1 and 2, the width of the measured heat source is 
2 pixels, it is conceivable that the means of measurement is 
not able to characterize this size. It is just possible to say, as 
previously, that at the initiation of the segment, the width of 
the heat source in the primary shear zone has a size equal or 
inferior at 2 pixels, corresponding to 2.50 µm.

According to the Fig. 12(a), it seems that from images 
1 to 6, the temperature in the center of primary shear zone 
(corresponding to the pic of temperature) rises at each 
image, and then, from images 7 to 15, the temperature is 
relatively constant. The rise in temperature may be explained 
by a heat source caused by material deformation, and after, 
the maximum temperature stops rising because there is no 
more heat source. However, to confirm or refute this hypoth-
esis, a simultaneous analysis of kinematic and thermal field 
should be done.

3.3  Comparison between strain and temperature 
fields and interest of the coupled system

As a reminder, both cameras observe through a single lens, 
thanks to the developed optical system. Additionally, in this 
study, particular attention has been given to the synchro-
nization of measurement means. It has been demonstrated 
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that the cameras’ synchronization error is less than a micro-
second. Consequently, as the thermal and visible cameras 
observe the same scene at the same moment, it is possible 
to conduct simultaneous analyses of both the kinematic and 
thermal fields.

In accordance with the Fig. 13, depicting the evolution 
of average deformations and temperatures in the primary 
the shear zone during the creation of a segment, it can be 
observed that the onset and rise in deformation are sudden, 
while the temperature increase is rather slow and smoothed. 
Moreover, there is a temporal delay in the temperature rise 
compared to deformations. To finish, in theory, the tempera-
ture curve should descend after a certain time; however, this 
observation could not be made, because the field of view of 
the infrared camera is too small to observe the phenomenon.

The observed temporal delay in the thermal field com-
pared to the strains can be explained by several hypotheses. 

Firstly, the camera observes the lateral face of the speci-
men, which is directly subjected to convection with the air. 
It is therefore not certain that this delay is present at the 
center of the specimen. It has been shown in the literature 
by [6, 32, 33] that the center of the specimen is hotter than 
its lateral faces for a continuous chip in a steady-state, but 
no study has focused on the temporal evolution of tem-
perature in the depth of the specimen. Secondly, in this 
study, it was assumed that the emissivity is constant for 
thermal data post-processing. However, the temperature 
increase could lead to chip oxidation and, consequently, an 
undesired increase in emissivity (resulting in higher abso-
lute temperature assessment than actual ones since a lower 
and homogeneous emissivity is assumed). In practice, the 
measured temperatures are below the characteristic oxida-
tion temperatures of Inconel 718 (around 600 °C), and no 
visual oxidation has been observed on the chip. However, 

Fig. 11  Definition of the center of the PSZ and this perpendicular straight line, mean temperature perpendicular to the primary shear zone for 
the image 4

Fig. 12  Monitoring of the creation and development of a single segment over time



this visual inspection does not exclude a local change in 
emissivity at the micron scale, which is the order of magni-
tude of the spatial resolution of the camera. Lastly, material 
diffusivity phenomena could partly influence the average 
temperature and thus be a source of temporal shift in the 
observed temperature on the lateral face of the specimen. 
Nevertheless, no data is available about the time needed 
for the oxidation to take place, the delay of about 1 ms 
seems rather short and this only reason for the temperature 
increase cannot explain by itself the whole phenomenon.

To resume, it seems that the strain and the temperature 
curves could be correlated, although there is a time delay for 
the thermal curve. However, with the elements of this study, 
it is not possible to affirm that the heat source is caused by 
the strain undergoing in the material because the DIC technic 
as set here, is not able to characterize accurately the width of 
the primary shear zone and the infrared camera allows just to 
identify a hot region and not to define heat sources.

4  Conclusion

Thanks to a specific optical system, an orthogonal cutting 
experiment has been observed simultaneously by a visible and 
an infrared camera, providing access to the experimental ther-
momechanical field. Although difficult for carry out, due to its 
low depth of field, the deployment of a × 25 reflective objective 
has allowed accurate observations with low spatial resolution.

A DIC analysis of the strain undergoing in the part in the 
primary shear zone shown that at each instant, the deformed 
region has a specific shape, from a convex curve at the initia-
tion of the of the process, to the concave curve at the end of the 
creation of the segment, including a straight line at the middle. 
A characterization of the kinematic width of the primary shear 
zone has been attempted, however, in the conditions of this 
study, the value of this parameter is too low to be determined 
accurately by the DIC method and the optical system limits. 
Nevertheless, the analysis tends toward a null PSZ width even 

Fig. 13  Evolution of the strain and the temperature in the PSZ toward the time, with  Vc = 4 min.min−1;  hTC = 4 m.min.−1



though this statement contradicts the concept of a PSZ width 
largely expressed in literature. To mitigate this strong com-
ment, one should separate what is usually considered a PSZ 
width after post-mortem observation (effective deformation 
of the microstructure around the shearing plan. Therefore, just 
an upper bound of the width of the primary shear zone has 
been established. However, based on the analysis of several 
segment, a deformed region in which the primary shear zone 
moves at each instant, has been defined. The size of this region 
being stable in time, a width and a length of this zone could be 
established for different cutting conditions.

Thanks to the data of the infrared camera, the thermal 
field has been analysed. According to them, it seems that 
the heat source starts at the tool tip (or really nearby) and 
then propagates towards the free edge of the material. As 
for the mechanical behaviour, attempts to measure the width 
of the primary shear zone in the thermal field found some 
limitations. Among them, the continuous temperature due 
to the diffusivity of the heat in the material did not allows 
establishing an accurate and objective boundary of this zone. 
It is suggested that the heat source in the primary shear zone 
could be the consequence of the material strain. However, 
the size of the observed phenomena is too low to confirm 
this hypothesis.

To finish, given neither the infrared camera nor the DIC 
method is able to defined the width of the primary zone (width 
of heat source and deformed zone at each instant inferior to 2.5 
and 12.96 µm respectively), and according to recording videos, 
it may be possible to consider that the primary shear zone as 
no width and results mainly, if not entirely, in a slipping of two 
surfaces one above the other.
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