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Introduction

Micro turning is one of tool-based micro-machining processes 
where the stationary tool having few microns nose radius is 
fed against rotating work piece. Micro-turning process differs 
from conventional machining process in terms of machining 
physics due to limited nose radius of the tool also known 
as size effect.1,2 It is well documented in the literature that 
micro-turning process relies on three different mechanisms, 
namely cutting, slipping and ploughing.3 Cutting process in 
micro turning occurs when the assigned depth of cut during 
machining is much greater than the nose radius of the tool 
used. Ploughing occurs when the assigned depth of cut is 
nearly equal to the nose radius. Slipping occurs when the 
assigned depth of cut is much lesser than the nose radius of 
the tool. Machining physics for all of these three different 
mechanisms are very different.4 This induces difficulty in 
monitoring the process parameters for automated process 
control of micro-turning process which could lead to 
automated surface integrity and tool condition monitoring.

Automated process control in micro turning requires 
measurement and analysis of process parameters such as 
machining forces, tool strain, cutting edge temperature, 
machine vibrations etc.5,6 For micro turning, as the magnitude 

of these stated process parameters are sensitive to mesurement 
position with reference to the cutting edge, it becomes 
essential to consider the parameters which could be measured 
very close to cutting edge. Strain and temperature could be 
measured very close to the cutting edge in micro turning due 
to availability of next generation sensors such as fiber Bragg 
grating (FBG) sensors as found in earlier literature.7 Study 
and analysis of strain and temperature near to the cutting edge 
in micro turning can thus render automated process control 
solutions for the same. This is because interfacial temperature 
and strain are related to surface integrity of the work and tool 
wear in micro turning, respectively.8 Thus monitoring the 
strain and temperature near to tool-work contact zone can 
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This research presents an investigation for understanding machining physics by assessing temperature and strain near (126 
μm) to the cutting edge of tool tip in micro-turning process. Fiber Bragg grating (FBG) sensors were attached near to the 
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aid in tool condition monitoring and enhancement of surface 
integrity of the job in micro-turning process. 

In this research, a methodology for simultaneous strain 
and temperature measurement near to the cutting edge of 
micro turning is adapted from exiting research. The variations 
of strain and temperature during different material removal 
mechanisms (ploughing, cutting and slipping) are analyzed to 
draw conclusions on the nature of plots for measured strain 
and temperature. The proposed method for simultaneous 
strain and temperature measurement within a very limited 
footprint along with the analysis of measured strain and 
temperature provides an understanding of the associated 
machining physics related to ploughing, cutting and slipping 
with variations in strain and temperature near to the tool-
work interface.

Existing literature

Studies related to size effect with analysis of phenomenon 
of cutting, ploughing and slipping are limited in literature. 
Existing articles focus on change in force patterns by 
measurement of the cutting force using dynamometer in 
order to validate the size-effect phenomenon and conduct 
further studies and analysis of the same.9 The cutting force 
measurement-based analysis is suitable for laboratory 
experiment purposes however are difficult to be implemented 
for process control applications in shop floor. This is because, 
the dynamometer used for measurement of cutting forces 
for micro-machining applications is placed far away from 
tool-work contact zone and noise interference is deemed to 
occur in measurements. Furthermore, in one of the earlier 
researches, it has been stated that ‘the absolute cutting forces 
in ultraprecision and micro cutting are very small at 0.1–1 
N scale level, they are difficult to be accurately measured in 
process and interpreted in relation to micro-cutting mechanics 
and consequently for the cutting process optimization and 
surface quality control’.10 Thus there is a need to explore 
physical quantities that could be measured very near to the 
tool-work interface and analyze the same in order to infer the 
variations of the selected physical quantities during cutting, 
ploughing and slipping.

As found in the existing research that strain and 
temperature are two physical quantities which can be 
measured near to the tool-work interface and they are related 
to tool wear and surface integrity respectively, simultaneous 
measurement and analysis of these two quantities near cutting 
edge in micro turning can enhance surface finish and can aid 
in monitoring tool wear. Measurement of tool temperature and 
strain near to cutting edge in micro turning has been attempted 
recently using FBG sensors.11,12 However, variations of these 
two quantities with size-effect influence (cutting, ploughing 
and slipping) which is essential for micro turning as opposed 
to conventional machining operations are not available.

Figure 1. Proposed methodology for simultaneous measurement 
of strain and temperature near cutting edge of tool and analysis of 
measured results.

In order to bridge the existing gaps in and to analyze the 
variation of strain and temperature with varying conditions 
due to size-effect, which could facilitate better tool state 
monitoring and surface integrity assessment in micro turning, 
we propose a generic methodology for the same in this 
research.

Methodology

The research was focused on simultaneous measurement of 
strain and temperature near to the cutting edge in micro-turning 
tool and analysis of the measured strain and temperature, the 
methodology followed in this research is shown in Figure 1.

FBG sensor working and calibration

In this work, the strain and temperature near to the cutting 
edge of the tool tip were measured simultaneously using a 
FBG sensor. A FBG sensor comprises an optical fibre with 
spatial variations of refractive index known as gratings and 
it can measure the strain, temperature, vibrations etc on the 
principle of Fresnel’s diffraction.13 The spatial difference of 
refractive index within the fibre causes a specific wavelength 
of broadband light incident on the gratings to get reflected 
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back. Thus change in temperature or strain causes the shift in 
wavelength of the light reflected back. An interrogator circuit 
measures the shift in wavelength of light reflected back which 
can be used to obtain the values of strain and temperature. 
FBG sensors are prone to cross sensitivity effects of strain 
and temperature. It is therefore essential to eliminate the 
cross sensitivity in order to discriminate and measure strain 
and temperature values simultaneously. Elimination of cross 
sensitivity of strain and temperature can be conducted by 
various methods, the use of two FBGs of different strain and 
temperature sensitivities being the simplest. This paradigm 
was used to measure strain and temperature in this research.

Simultaneous measurement of strain and temperature 
close to the cutting edge of the tool was facilitated using 
a combination of typical FBG-based temperature sensor 
(Micron optics OS4210) and a bare FBG sensor. A FBG sensor 
was fabricated in-house on germanium doped fibre, and a 
standard FBG strain sensor (OS3110) and temperature sensor 
(OS4210) were used for calibration of the fabricated FBG. 
The strain sensitivity (Cs) of OS3100 and the temperature 
sensitivity (CT) of OS4210 are 1.4 pm µϵ–1 and 10 pm °C–1, 
respectively. The fabricated FBG operates at 1517 nm 
nominal wavelength (λB). NI-based FBG interrogator (PXIe 
4844) was used for sensor interrogation. The interrogator 
measures the shift in nominal wavelength (ΔλB) for the 
FBG sensors. Strain (ϵ) and rise in temperature (ΔT) were 
obtained from the wavelength shifts of the FBG sensors using 
Equations 1 and 2.14 Equation (1) corresponds to standard 
FBG temperature probe where the strain sensitivity is zero 
due to strain compensation. Equation (2) corresponds to the 
bare FBG sensor.
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FBG sensors attachment

The FBG temperature probe and the bare FBG sensor were 
rigidly attached near to the cutting edge of the tool tip using 
araldite adhesive. The tool used was supplied by Sandvik 
Coromant India, Part no. MAFL3010 which is a micro-
turning insert-bearing rake angle (γ) 0°, clearance angle (α) 
9° and nose radius (rϵ) 100 µm. The tool-sensor attachment 
is shown in Figure 2(a), and the magnified image of the same 
is shown in Figure 2(b). Olympus BX51M microscope fitted 
with Moticam 580 camera was used to capture the tool-sensor 
attachment shown in Figure 2(b). The gap between the cutting 
edge of the tool and the attached FBG sensors was measured 
using Motic Images plus 2.0 software which is available with 

the camera package. The gap between the cutting edge of the 
tool and the FBG sensors in the tool sensor attachment was 
measured to be 126 µm.

Experiments conducted

Measurement of strain and temperature for micro-
turning operations was conducted on Multi-Fab micro-
machining platform which is an indigenously developed 
and commercialized system of CSIR-Central Mechanical 
Engineering Research Institute, India. The experimental set-
up for micro turning is shown in Figure 3.

Figure 2. Images of the tool (a) with the tool-sensor attachment 
details and (b) magnified image of the tool-sensor interface as seen 
under microscope.

Figure 3. Experimental set-up for micro turning.
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Table 1. The experimental conditions used for cutting, ploughing and 
slipping during micro turning of aluminium, copper and stainless steel.

Machining 
model

Experiment 
no.

Feed velocity 
(μm s–1)

Depth of 
cut (μm)

Spindle 
speed (RPM)

Slipping 1 1 30 1000

Ploughing 2 1 100 1000

Ploughing 3 10 100 5000

Cutting 4 1 200 1000

Cutting 5 10 300 5000

Work piece of three different materials were used for 
micro-turning operations that is, aluminium, copper and 
stainless steel. The length and diameter of each work piece 
were 63 mm and 6 mm, respectively. The experiments were 
conducted at ambient temperature of 27.2°C and the duration 
of machining was 20 min in each case. Micro-turning 
operations were conducted for three different micro-turning 
conditions that is, slipping, ploughing and cutting. For cutting 
operation in micro turning, the depth of cut was set greater 
(>100 µm) than the nose radius (100 µm) of the tool. For 
ploughing operation, the depth of cut was set equal to the 
nose radius of the tool whereas for slipping, the depth of cut 
was set less than nose radius of the tool. Temperature and 
strain were simultaneously measured during the machining 
operations from the FBG interrogator which was connected 
with the FBG sensors attached on the tool. In order to 
establish the reasons for rise in temperature, curve fitting 
for temperature vs. time plots were conducted and curve 
fitting equations were derived using regression. Inferences 
related to variations in strain and temperature during different 
machining conditions were then found. The experimental 
conditions are shown in Table 1.

The chip morphology obtained after the experiments 
was visualized using a field emission scanning electron 
microscope (FESEM) to understand the effect of rise in 
temperature and tool strain.

Experimental results

The calibration results for strain and temperature for the bare 
FBG sensor are shown in Figure 4.

The slope of the calibration curves signifies the strain 
(Cs) and temperature (CT) sensitivities. The temperature and 
strain sensitivities of the fabricated FBG were found to be 
10.6 pm °C–1 and 1.47 pm µϵ–1, respectively.

For slipping operation, the strain and temperature 
obtained during experiment 1 are shown in Figure 5.

For ploughing operation, the strain and temperature 
obtained during experiments 2 and 3 are shown in Figure 6.

For cutting operation, the strain and temperature obtained 
during experiments 4 and 5 are shown in Figure 7.

The generic curve fitting equations for temperature for 
slipping (Figure 5(a)) are shown in Equations (3) and (4).

For Oxygen free highly conducting (OFHC copper)

 T t a e a eb t b t( ) = +1 2
1 2  (3)

For aluminium 6061 and stainless steel

 T t a en
t b c

n

n n( ) (( )/ )= − −

=
∑ 2

1

3

 (4)

The coefficients a, b and c are for our experiments are 
summarized in Table 2.

(a) (b)

Figure 4. Calibration curves for strain and temperature for the bare FBG sensor: (a) temperature calibration and (b) strain calibration.
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(a) (b)

Figure 5. (a) Temperature and best curve fit in slipping operation and (b) tool strain measured in slipping operation (experimental 
conditions in Table 1).

(b)(a)

(c) (d)

Figure 6. Measurement during ploughing action: (a) temperature rise with experimental condition 2, (b) strain with experimental condi-
tion 2, (c) temperature rise with experimental condition 3 and (d) strain with experimental condition 3 (conditions mentioned in Table 1). 
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(a) (b)

(d)(c)

Figure 7. Measurement during cutting action: (a) temperature rise with experimental condition 4, (b) strain with experimental condition 
4, (c) temperature rise with experimental condition 5 and (d) strain with experimental condition 5 (conditions mentioned in Table 1).

Table 2. Coefficients for slipping of Equations (3) and (4).

Material

Coefficients

a1 a2 a3 b1 b2 b3 c1 c2 c3

OFHC 30.49 –3.273 0 –1.2 × 10–7 –0.005 0 0 0 0

Aluminium 6061 32.17 6.973 7.15 1097 11.32 240.6 1320 164.5 348.1

Stainless steel 37.89 17.28 3.591 1936 167.3 62.78 1597 725.1 137.6

Table 3. Coefficients for ploughing of Equations (5) and (6).

Coefficients

Experiment 1 Experiment 2

Aluminuim 6061 OFHC Stainless steel Aluminium 6061 OFHC Stainless steel

a1 32.22 27.96 36 32.5 27.66 33.8

a2 –4.809 –0.7634 34.95 –5.096 –0.4632 36.29

a3 0 0 2.158 0 0 1.233

a4 0 0 20.41 0 0 19.1

a5 0 0 9.273 0 0 8.138

b1 6.616 × 10–6 –9.73 × 10–7 626.4 7.265 × 10–6 –9.5 × 10–7 584

b2 –0.02376 –0.094 1291 –0.025 –0.08418 1296

b3 0 0 952.1 0 0 950.3

b4 0 0 152.2 0 0 134.6

(Table 3 Continued)
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Coefficients

Experiment 1 Experiment 2

Aluminuim 6061 OFHC Stainless steel Aluminium 6061 OFHC Stainless steel

b5 0 0 24.8 0 0 28.51

c1 0 0 424.1 0 0 431.3

c2 0 0 397.3 0 0 478.8

c3 0 0 147.9 0 0 128.2

c4 0 0 262.1 0 0 256.8

c5 0 0 108.5 0 0 98.51

(Table 3 Continued)

The generic curve fitting equations for temperature for 
ploughing (Figure 6(a and c)) are stated in Equations 5 and 6.

For OFHC and aluminium 6061

 T t a e a eb t b t( ) = +1 2
1 2  (5)

For stainless steel

 T t a en
t b c

n

n n( ) (( )/ )= − −

=
∑ 2

1

5

 (6)

The coefficients a, b and c are for ploughing experiments are 
summarized in Table 3.

The generic curve fitting equations for temperature for 
cutting (Figure 7(a and c)) are stated in Equation 7.

For OFHC and aluminium 6061 and stainless steel

 T t a en
t b c

n

n n( ) (( )/ )= − −

=
∑ 2

1

5

 (7)

The coefficients a, b and c are for cutting experiments are 
summarized in Table 4.

As mentioned earlier, the chips generated after micro 
turning were analyzed using FESEM. For this purpose Zeiss 
Sigma 300 (FESEM) was used. It was observed that no chips 
were formed during slipping operation. Very low amount of 
chips were found during ploughing operation. Substantial 
chips could be collected in cutting operation. The chips after 
each experiment were collected in acetone solution and were 
distributed uniformly on glass slides for FESEM. The FESEM 
images for the experiments 2 and 4 for ploughing and cutting 
operations as stated in Table 1 are shown in Figures 8 and 9.

Table 4. Coefficients for ploughing of Equation (7).

Coefficients

Experiment 1 Experiment 2

Aluminium 6061 OFHC Stainless steel Aluminium 6061 OFHC Stainless steel

a1 39.38 19.22 47.22 17.51 0.5154 61.06

a2 21.44 45.45 12.15 35.38 46.98 26.98

a3 ?0.5921 19.27 12.93 23.28 31.73 26.79

a4 14.97 6.617 8.619 13.44 17.91 12.8

a5 6.666 6.718 4.936 3.981 11.38 8.683

b1 1352 1376 1303 1362 1277 1587

b2 472.2 912.6 477.9 964.3 1289 780.3

b3 555.3 204.7 165 331.8 551.2 316.9

b4 99.65 76.87 60.94 50.31 162.1 103.3

b5 14.59 40.79 31 23.83 29.9 37.91

c1 724 308.3 908.2 243.6 73.8 702

c2 443.7 716.4 379.6 529.5 528.4 483.1

c3 140.7 362.8 276.5 363.5 439.5 358.8

c4 252.5 124.1 136.6 200.5 239.5 161.2

c5 94.69 18.69 38.81 55.33 101.1 46.53
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(b)(a) (c)

Figure 8. Chip morphology during ploughing operations: (a) OFHC, (b) aluminium 6061 and (c) stainless steel.

(b)(a) (c)

Figure 9. Chip morphology during cutting operations: (a) OFHC, (b) aluminium 6061 and (c) stainless steel.

Discussions and inferences

Following points could be inferred from strain and temperature 
data and the chip morphology analyzed after the experiments.

1. The temperature fluctuates within a fixed limit for 
all of the three metals machined during slipping 
operation (Figure 5(a)). It is known from the 
literature that the rise in temperature is due to elastic 
deformation of work common in slipping. As elastic 
deformation of material does not contribute largely 
to rise in temperature, the rise in temperature is 
less for all of the three materials. Furthermore, the 
rise in temperature of all machined materials is 
almost similar in magnitude indicating that cutting 
operation is not taking place. Absence of chips after 
the completion of experiment also confirms that 
only slipping is taking place.

In the strain data (Figure 5(b)), we have denoted 
compressive strain as positive and elongation strain as 
negative. Cyclic nature of the curve (i.e., fluctuation 
of strain at regular intervals) confirms elastic 
compression and deformation which occurs in case of 
slipping. The force spikes at the beginning of stainless 
steel curve are possibly due to strain hardening 
induced by the cutting edge rubbing against the work 

piece. This strain hardening for stainless steel only 
may be due to some amount of plastic deformation 
occurring for harder materials. For softer metals 
such as Aluminium 6061 and OFHC such spikes 
are not observed which confirms that only elastic 
deformation (slipping) is taking place.

2. In case of ploughing operations (Figure 6 (a and c)), 
exponential fitted curves were observed for soft 
materials (i.e., OFHC and Aluminium 6061) whereas 
Gaussian curve was observed for stainless steel for 
temperature plots. Very small amount of chips could 
be collected in ploughing operations indicating the 
fact that minor amount of cutting operation is also 
taking place. In ploughing operation where plastic 
deformation of the work piece at the tool work 
interface occurs, the rise in temperature is much 
larger than slipping (where only elastic deformation 
takes place). In micro machining, temperature rise 
at the tool-work contact interface occurs due to 
three reasons, namely: (a) the mechanical energy 
involved in shearing to form the chip, (b) the 
friction of the chip moving over the tool rake face 
and (c) ploughing/rubbing in the vicinity of the dead 
metal cap due to finite tool edge radius. Further, 
the temperature is dissipated due to three factors: 
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(a) conductivity of cutting tool, (b) conductivity of 
work piece and (c) thermal energy carried out by the 
chip. The mechanical energy involved in shearing 
to form the chip is almost absent in this ploughing 
case for all the metals machined. In case of stainless 
steel machining, higher hardness increases the heat 
generation and the longer unbroken chips coupled 
with lower thermal conductivity delay the heat 
dissipation from the ploughing zone, resulting in 
13–14°C rise in temperature. It is also observed 
that the temperature profile for the steel is irregular; 
it reaches equilibrium in the range of 38–39°C 
after a time interval of 600 s. The initial rise in 
temperature can be attributed to the heat generated 
due to abrasion of tool at lower speed over harder 
surface. This is followed by slow heat dissipation 
by relatively longer unbroken chips sliding over 
the rake surface of turning insert that results in 
temperature gradients fluctuating at tool work 
interfaces. On the contrary, Aluminium and OFHC 
copper that are relatively softer material induce 
lesser abrasion/ploughing effects and generates low 
heat. These temperature profiles reach the transient 
thermal equilibrium quickly owing to rapid heat 
dissipation due to high thermal conductivity. Thus, 
it could be clearly observed that OHFC which 
possesses good machinability produced smaller 
curled chips (Figure 8). This factor coupled with 
higher thermal conductivity dissipates the heat 
rapidly, and temperature profile reaches equilibrium 
state much faster.

From the strain data (Figure 6 (b and d)), 
dominant plastic deformation/strain hardening 
for all materials were found from the first peak of 
the strain vs. time curve. The magnitude of strain 
was also higher than slipping case. Furthermore, 
the strain increased for higher RPM and feed rate 
(Figure 6 (d)). However both positive (compressive) 
and negative (elongative) strain exist due to plastic 
deformation of the work.

3. In cutting operations (Figure 7 (a and c)), the rise in 
temperature is uniform for each case except certain 
glitches in which the Gaussian fit deemed most 
suitable. In this case, shearing friction and ploughing 
all the factors are dominant for generation of heat 
energy. As the chips in cutting operations are longer 
and the quantity is higher than ploughing case, 
dissipation of heat from the chips also occur which 
leads to sudden glitches in the temperature vs. time 
curve. Among the materials, stainless steel being 
harder shows an increase of 27° C in temperature 
(Figure 8(a)) whereas Aluminium and OFHC show 
an increase of 18°C and 13°C, respectively.

From the strain vs. time plots (Figure 7(b and d)), 
it could be observed that the strain was compressive in 
nature (showing cutting operations). The magnitude 
of strain was about 4 times higher than ploughing 
action (Figure 6(b)) which shows that continuous 
forces are induced on the tool during cutting. Such 
higher machining forces are also attributed due to 
longer unbroken chips as confirmed from the FESEM 
images (Figures 8 and 9). 

Conclusions

Condition monitoring and process control in micro-turning 
operations become difficult due to very different cutting 
mechanisms such as ploughing, slipping and cutting, which 
occur with very small variations in depth of cut and nose 
radius of the tool. In this research, an analysis of the tool strain 
and temperature very near to the cutting edge is conducted 
for varying process physics which can enable process control 
engineers to monitor the surface integrity of work and estimate 
the tool wear in micro-turning operations. Investigations have 
been conducted in order to understand tool-work interfacial 
temperature and strain during micro turning for ploughing, 
slipping and cutting occurring over various materials. It could 
well be understood that the different nature of strain and 
temperature variations during micro turning due to difference 
in physics of material removal need to be incorporated in 
process control software so as to enhance the surface finish 
and tool life. The analysis can be extended to other contact-
based micro-machining processes such as micro milling, 
micro drilling etc. The very different nature of strain and 
temperature which could be simultaneously measured near to 
cutting edge of tool tip due to availability of next generation 
sensors (FBG) can aid monitoring the micro machines for 
shop floor applications.
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