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Fiber-Optic Pyrometer for Very Localized
Temperature Measurements in a
Turning Process
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Abstract—A fiber-optic two-color pyrometer based on glass mul-
timode fibers with 62.5 psm diameter and 0.275 numerical aperture
is used for localized temperature measurements in turning pro-
cesses. Operation wavelengths improve temperature measurement
accuracy. The system is capable of measuring temperature in the
range from 300 to 650 °C in a surface area below 0.16 mm?. Numer-
ical simulation of the calibration curves including manufacturer
tolerances are reported, showing good agreement with the exper-
imental results. Temperature evolution is performed in a lathe at
different feed rates and cutting speeds at an Inconel 718 turning
process, using a glass fiber-optic sensor embedded into a modified
tool member. The results are used to in-process prevent premature
failure of the components related to the fatigue and validate feed
rates recommended by the tool manufacturer.

Index Terms—Fiber-optics, turning process, temperature mea-
surement, two-color pyrometer, demultiplexer, wavelength division
multiplexing, embedded glass fiber, Inconel 718.

I. INTRODUCTION

ANUFACTURING critical components for high respon-
M sibility application such as the aircraft engine compo-
nents commonly based on Ni superalloys requires ensuring the
surface integrity of the piece. The physical and chemical phe-
nomena, which take place during the machining process, could
lead to workpiece surface oxidation, superficial and internal
residual stresses, and precipitations of different alloys elements
[1]. These phenomena are strongly related to the temperature
reached at the workpiece during the machining process, thus it
is important to measure this temperature.
Machining induced residual stresses caused by plastic defor-
mation, thermal effects, microstructure changes and phase trans-
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formation are important indicators of surface integrity when
machining superalloys.

Although the mechanisms involved are not completely clear it
is commonly accepted the opposite effect of plastic deformation
inducing compressive stress at the surface while thermal effects
cause tensile stresses [2]-[4]. Tensile stresses are related to a
decreased fatigue life of the components [5]. Both effects are
coupled and also interact with phase transformation causing vol-
umetric changes. The effect of temperature is more significant
when machining super alloys such as Inconel 718 due to their
heat resistance and poor thermal conductivity.

Temperature also affects Ni alloys machinability through the
thermal softening of the workpiece material. This effect has
motivated the external application of a laser heat source in order
to diminish cutting forces and improve tool life when machining
Inconel 718 [4].

Both surface integrity and tool life are strongly influenced by
temperature level so localized accurate temperature measure-
ments during the process are crucial.

The measurement of high temperatures has been reported us-
ing thermocouples [6]-[9], infrared (IR) cameras [10] and fiber
Bragg gratings (FBGs) [11], [12]. The majority of the thermo-
couples and IR cameras measure temperature on the rake [6],
[7],[9] and flank face [6], [ 7], [10] of the cutting tool. But the dif-
ficulty of installation between the flank face and the workpiece
surface make them unsuitable for temperature measurements.
In addition, FBGs are also contact sensors that may have the
disadvantage of its fragility and difficulty of installation close
to the measuring point. Only few proposals [8] provide a good
solution for temperature measurements on the workpiece sur-
face but with the difficulty of installing embedded sensors in the
cutting tool.

Two-color fiber-optic pyrometer is a possible solution to over-
come these constraints. It uses the ratio of optical powers at
two spectral bands to implement a self-referencing technique
in order to avoid the emissivity dependence of temperature as
reported by B. Miiller ef al. [13] and A. Tapetado et al. [14],
among others [15], [16]. The use of optical fibers allows viewing
localized areas with a spatial resolution limited by the numer-
ical aperture and dimensions of the fiber. In previous works,
several authors propose measuring temperatures around 300 °C
but using large fiber diameters [15]-[17], increasing the mea-
suring area and thus, reducing spatial resolution. Neither works
justifies their measurements with mechanical approximations.
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Fig. 1. Schematic of the optical fiber pyrometer measurement surface area.

In this work, we use an optimized fiber-optic two-color py-
rometer [14], [18] to measure the temperature evolution of a
workpiece of Inconel 718 at different cutting conditions. Com-
mercial off-the shelf optoelectronics and fiber-optic components
are used. The temperature evolution is performed in a lathe at
different feed rates and cutting speeds. The fiber-optic sensor is
embedded into a modified tool member which permits a highly
localized temperature measurement on the workpiece surface.
The results are justified and used to prevent the premature failure
of the component related to the fatigue.

II. PRINCIPLE OF OPERATION

Every physical body at a specific temperature (7) emits elec-
tromagnetic radiation in all directions. The quantity of this radi-
ation is called spectral radiance (L) and is described by Planck’s
law versus temperature and wavelength (A) as [19]:

Cy-e(AT)
A5 - (e% - 1)

where ¢ is the emissivity of the measured object, C; and
Cy are the Planck’s radiation constants, whose values are
1.19-108 W-Sr'!-ym*-m? and 1.44-10* um-K, respectively.

A two-color fiber-optic pyrometer gathers radiation from a
body over a wide spectral region but divides the radiation into
two wavelength bands using a filter. The filtering channels are
linked to photodetectors (PDs) for measuring the optical power
at different wavelength bands.

Only rays inside the acceptance cone of the optical fiber are
collected and transmitted, see Fig. 1. This acceptance angle
(friax) depends on the optical fiber numerical aperture (NA).

The influence of the setting location of the fiber on the spectral
radiance accepted and transmitted by the fiber is analyzed in
[14], [20]. The fiber end is vertically placed above the target
surface at a distance (), see Fig. 1. We assume a target radius
(R7) much greater than the spot radius (Rya) projected by
the fiber NA. Therefore, the optical power measured by the
pyrometer can be expressed by [14]:

L(xT)= (D

PD(T,A):/AB Cy-IL(A)-a(d)-e(rT) e () dn

ha AD . (eiTZ — 1)
(2)
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where x(A) is the coupling loss given by [20]:
7 d?
k(1) = TC [1 = cos (2 Ortax (A))] A3)

being A4 and Ap the shortest and the longest wavelengths
within the wavelength band provided by the optical filter, IL the
insertion loss of the filter, «v the fiber attenuation coefficient, and
dcore the fiber core diameter.

If a two-color pyrometer working at single wavelengths chan-
nels A1 and Ay is considered, the measured ratio temperature
(Tr) is given by [14]:

-1
1 In (g, - 0,)

T (—4)-Ax
Cs - (4-,\27&\2 )
where T is the true temperature, A. and A A are the average cen-
tral wavelength and the wavelength spacing of the single wave-
length channels, respectively, d,. is the pyrometer loss ratio, and

g, 1s the surface emissivity ratio. And the relative temperature
error (E7) is given by [13]:

(Tr —T)-100
T

As appointed by Tapetado et al. in [14], the pyrometer tem-
perature error (E7) is not only dependent on the selected wave-
length bands but also on the spectral characteristics of the
devices employed in the pyrometer set-up. A good selection of
the pyrometer wavelength bands allows compensating the losses
of each device, to minimize the pyrometer temperature error and
to enhance the minimum measurable temperature. The pyrom-
eter described in this work uses low-loss optical components
designed for telecommunication purposes in order to achieve a
temperature error reduction without thermal cooling and high
spatial resolution. According to these aspects, the optimized
wavelength bands are chosen to be at 1.3 and 1.55 pm [14].

T = 4)

Er = (%] (&)

III. PYROMETER DESIGN

The sensor is made of standard graded-index glass optical
fiber OM1 with 62.5/125 core and cladding diameters in mi-
crons. This fiber is capable of measuring highly localized tem-
peratures measurements without using lenses. Using a fiber
numerical aperture of 0.275, the measured spot diameter is
0.16 mm, very localized in comparison to previous designs
covering in the same conditions a spot diameter of 0.48 mm
[17]. The fiber length is fixed at 0.5 m to reduce the impact
of fiber-optic attenuation on the temperature measurements. A
low insertion loss WDM fiber-optic filter is arranged to spatially
split the radiation collected by the optical fiber into two spec-
tral bands centered at 1.3 and 1.55 pm, respectively. Finally, a
dual InGaAs PD with uniform responsivity values at both wave-
lengths bands is used. The maximum optical power measurable
by both PDs is 10 mW. The schematic of the pyrometer and the
experimental set-up are shown in Fig. 2.

IV. CALIBRATION

The two-color fiber-optic pyrometer is calibrated using a dry
block calibrator and a blackbody kit, see Fig. 3.(a). The control
unit ensures a maximum temperature stability and uncertainty
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Fig. 2. Schematic of the pyrometer and the experimental set-up.
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Fig. 3. (a) Photograph of the dry block calibrator and the blackbody on top
of it. (b) Photograph of the metallic holder used to place the optical fiber on the
blackbody.

of £0.03 and 40.17 °C, respectively, in the range from 50 to
650 °C. The emissivity of the blackbody is greater than 0.99.

As pointed out by Tapetado et. al. in [21], temperature mea-
sure is insensitive to the fiber position if the target surface is
larger than the spot projected by the fiber NA on the measuring
surface. The fiber sensor is fixed at a distance of 0.3 mm from
the blackbody using a calibrated metallic holder, as shown in
Fig. 3(b). Using this distance and the fiber NA, the spot area is
0.043 mm?. Thus, considering a blackbody surface emitting area
of ~700 mm?, the temperature measure at around this distance
is insensitive to the fiber position.

To facilitate the fiber set-up and to avoid the fiber break-
age during the positioning of the fiber in the metallic holder, a
high temperature protection hose made of heat-treatable stain-
less steel is used to give more rigidity to the fiber end. The
protection hose has an external and internal diameter of 1 and
0.14 mm, respectively.

The radiant flux emitted by the blackbody has been character-
ized at 1.3 and 1.55 pm spectral bands, meanwhile the temper-
ature of the blackbody surface changes from 300 to 650 °C at
10 °C intervals. The sample rate and the number of samples at
each temperature and wavelength are fixed at 1 kHz and 10 S, re-
spectively. A time interval of 45 min between each temperature
measurement is set to provide the stability of the measurements.
The average of the measured optical power ratio at both spec-
tral bands for each temperature is calculated from the mean
of the samples. The optical power measured by the fiber-optic
pyrometer at a temperature of 300 °C is 9.5 and 8.6 pW for a
filtering channel of 1.3 and 1.55 pm, respectively. Thus, these
values are higher than the photodetector power accuracy of 1.1
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Fig. 4. Output power variations versus temperature for the theoretical (filled
areas) and experimental (dashed lines) calibration curves at different wavelength
bands: (—-) 1.3 pum, (- - —) 1.55 pm. Inset included for temperature range 300—
380 °C.

and 3.4 pW, respectively. Therefore, the proposed fiber-optic
pyrometer is capable of measuring temperatures above 300 °C.
On the other hand, the maximum temperature is limited by the
melting point of the optical fiber used in the experimental set-up.
For this application, a bare silica fiber with a melting point of
~1600 °C is used. Evaluating (2) at a temperature of 1600 °C,
it is theoretically estimated that a maximum optical power of
8 and 6 W should measure by both PDs of both pyrometer
channels, respectively. Therefore, these values are lower than
the maximum optical power measurable by both PDs.

Using (2) and (3) the optical power measured by each PD is
simulated from 300 to 650 °C at 10 °C intervals. Experimental
results and simulations are shown on Fig. 4. At the first wave-
length band, the longest and shorter wavelength limits are 1.43
and 0.8 um, respectively. On the other hand, the second filtering
channel contains signals from 1.38 to 1.7 ym. The wavelength
range of the InGaAs responsivity curve delimits wavelength
bands. Filter insertion losses of 0.21 and 0.06 dB at 1.3 and
1.55 pm are considered. The emissivity of a blackbody is used
in the simulations. The responsivity of an InGaAs photodetector
is 0.89 and 0.99 A/W at 1.3 and 1.55 pm, respectively. Finally,
fiber attenuation at 1.3 and 1.55 pum is 0.58 and 0.26 dB/km,
respectively. Applying (4) and (5), the pyrometer temperature
error obtained considering all wavelength dependence loss ratio
is 5.5% for an emissivity ratio of 1 and a temperature of 500 °C.

The measured output optical power is strongly conditioned by
the optical fiber core diameter. The optical fiber is made of glass
and manufactured using a drawing tower that fixed the core and
cladding diameter. The smaller fiber diameter the more difficult
is the drawing process. The optical fiber used in this experiment
has a tolerance in the nominal core diameter of 3 pm. Output
optical power at each wavelength band is simulated varying the
nominal core diameter, see Fig. 4.

From Fig. 4 is clear that the experimental calibration curves
are within the diameter tolerance given by the manufacturer.
The diameter that provides the closest agreement between the
theoretical and experimental curves is 61.4 pym.

V. EXPERIMENTAL RESULTS
A. Tool Member and Fiber Position

The amount of heat generated in a turning process mainly
depends on the workpiece material, cutting speed, feed rate
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Fig. 5. Top view of the tool member with the optical fiber during the orthog-
onal machining process.

and depth of cut, among others. During a cutting process, heat
is continually removed from the cutting edge toward to the
chip-tool and the tool-workpiece interfaces. It has been found
convenient to locate the measuring point at the fresh machined
surface in order to evaluate the workpiece surface temperature
and thus to control the mechanical and chemical properties of
the final workpiece [22].

The temperature of a heated surface of the workpiece is mea-
sured by viewing the machining surface directly with an optical
fiber and transmitting the radiant energy emitted from the heated
surface to the two-color fiber-optic pyrometer, see Fig. 5. The
hot spot is viewed directly by means of the small diameter
hole formed into the tool member through tool holder and seat.
The fiber hole within seat has a diameter of 1.3 mm. A high
temperature protection hose made of stainless steel avoids the
fiber breakage during the cutting process and allows keeping
the right fiber position in the tool member giving more rigidity
to the fiber end. The distance between the cutting edge and the
fiber hole is 4 mm. This distance is limited by the capability
of the drilling process to machine small diameter holes in hard
materials such as carbide tool inserts. The fiber is placed at a
distance of 0.3 mm from the machined surface and the position-
ing method guaranteed a positioning tolerance of £0.05 mm.
Every time the material is removed, temperature at the surface
is measured, not after multiple turns to reach steady conditions
as in [14].

B. Virtual Processing System

A computer software is designed to acquire and post-process
the signals for the two wavelength bands. There are three stages:
acquisition, filtering and computing, as shown in Fig. 6.

The first stage uses a communication control unit to config-
ure and start the acquisition process of the dual InGaAs PD.
The acquisition rate and the number of samples per channel are
set to 1 kS/s and 10,000 samples, respectively. These values
are selected to assure a minimum acquisition time of 10 s. The
synchronism mode in the dual PD is activated in order to ac-
quire samples at the same time. The second stage uses a digital
low-pass filter to eliminate noise from all acquired signals. The
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Fig. 6. Block diagram of the computer software used to acquire and post-
process all signals.

designed filter uses a fifth order Finite Impulse Response topol-
ogy. The pass and stop frequencies are fixed at 20 and 35 Hz.
Finally, a computing stage is implemented to internally calcu-
late the estimated temperature. This stage calculates the output
power ratio of both filtered signals and then using the calibration
curve of the blackbody, estimates the cutting temperature.

C. Temperature Measuring Conditions

The machining experiments are conducted for continuous
turning under two-dimensional orthogonal cutting conditions.
A heat-treatable Inconel 718 bar with a diameter of 120 mm is
used to manufacture the workpieces used in the experimental set-
up. A circular cut plate with a thickness of 2 mm is cut from the
bar using a wire electrical discharge machining. Afterwards, the
workpiece is located on a mandrel with a feed motion applied
radially toward the axis of the cut plate. The modified tool
member is used to hold an uncoated carbide tool insert (TCMW
16 T3 08 H13A) which has a rake and clearance angle of O
and 7 °, respectively. The maximum feed rate (f) and cutting
speed (V) recommended by the manufacturer is 5.60 mm and
80 m/min, respectively. On the other hand, the minimum and
maximum feed rates are 0.08 and 0.53 mm/r, respectively.

Using the computer software and the pyrometer set-up, tem-
perature evolution on the workpiece surface is performed with
three values of the feed rate: 0.05, 0.1 and 0.15 mm/r. Feed
rates of 0.1 and 0.15 mm/r are in the range recommended by
the tool manufacturer for this tool geometry. For each feed rate,
the cutting velocity is changed at 60, 90, 120, 240 m/min. In
all these measurements, the depth of cut is fixed at 2 mm. No
cutting fluids are used in the experiments. The cutting process
takes less than 2s, thus the tool geometry is not affected by wear
on the turning process.

Fig. 7 shows temperature evolution on the workpiece surface
for a feed rate, cutting velocity and depth of cut of 0.15 mm,
90 m/min and 2 mm, respectively.

Two different regions are observed. The first region is a tran-
sient regime and occurs when the cutting tool starts to remove
material form the workpiece. The radiation emitted by the work-
piece is not great enough to be measured by the PDs. The PD
noise is 3.4 and 1.1 pW for a wavelength of 1.3 and 1.55 um,
respectively. After 0.45 s from the beginning of the cutting pro-
cess, cutting and thrust forces reach a stationary regime. The
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measured temperature where the cutting and thrust forces are
completely stable is considered, as shown in striped region in
Fig. 7. From this region, it is clear that the temperature of the
cutting process is around 600 °C.

D. Discussion

The evolution of the temperature at the machined surface vs
the cutting velocity for three different feeds is shown in Fig. 8.
There is a clear decreasing trend for the temperature reached at
the workpiece surface with respect to the cutting speed for feeds
0.1 and 0.15 mm/r, whereas the opposite trend is found for a
feed rate of 0.05 mm/r.

The unexpected values found for the smallest value of the feed
can be due to relative values of cutting edge radius (25 pm) and
feed (0.05 mm), causing the tool to cut with an effective negative
rake angle (in fact this value of feed is not recommended by the
tool manufacturer, and it is only used to check the performan-
ce of the measuring system). Cutting with large cutting edge
radius and low values of feed is related to elevated levels of
deformation and temperature at the machined surface.

The Péclet number (dimensionless number extensively used
in heat transfer problems) which relates the thermal energy ex-
tracted by the chip to that conducted to the workpiece [23] is
used to analyze the results. The Péclet number has the following
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expression [23]:

v-t
P =—1

(6)
w'LU

when applied to turning v is the cutting speed, ¢; is the unde-

formed chip thickness and w,, is the thermal diffusivity of the

workpiece material.

Our results agree with previous studies that show that for
large Péclet number more heat goes to the chip, and therefore
less goes to the workpiece, increasing the fatigue life of the
components (see Fig. 9) [24].

VI. CONCLUSIONS

Temperature measurement in areas located on the machined
surface and close to the cutting zone is an important challenge in
order to prevent premature failure in machining aerospace com-
ponents. A two-color fiber-optic pyrometer with high spatial
resolution has successfully been used to characterize the work-
piece temperature in a high-speed turning process. The pyrom-
eter uses conventional multimode optical fibers and wavelength
bands used in local area networks. Simulations show that the ex-
perimental calibration curves are within the diameter tolerance
given by the optical fiber manufacturer.

A high-accuracy fiber positioning method together with a
standard graded-index glass optical fiber, allows to measure a
very localized spot diameter of 0.16 mm.

Temperature on a workpiece of Inconel 718 are measured
using the pyrometer set-up at different cutting speeds and feed
rates, similar to those imposed during current industrial oper-
ations. Analytical model based on the Péclet number is used
to estimate the temperature tendency at different cutting condi-
tions. The results show that for large Péclet number more heat
goes to the chip, and therefore less heat goes to the workpiece,
reducing the surface temperature and thus, the fatigue life of
the components. These results demonstrate that the pyrometer
can be used to prevent the premature failure of the components
related with the fatigue.
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