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ABSTRACT

This study applied a dual-optical-fiber real-time
measurement system to precision surface grinding of
FC-300 gray cast iron, focusing on internal strain and
temperature variations. The system uses attached and
free fibers to measure force- and heat-induced strains,
respectively, with decoupling achieved through
wavelength shift theory. In 14 grinding trials, the
maximum temperature-induced strain reached 500 pe
for workpiece A-2 and 1200 pe for workpiece B-2,
while force-induced compressive strains peaked at -
400 pe and -615.63 pe, respectively. These findings
demonstrate the system's accuracy in capturing real-
time strain variations, optimizing machining processes,
and its potential for industrial applications.
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INTRODUCTION

The grinding process is a critical step in modern
manufacturing, where the removal of material layers
through high-energy input leads to significant heat
generation in the grinding zone. This localized heat
concentration, resulting from the interaction between
the grinding wheel and workpiece, causes uneven
temperature distributions, leading to solid-phase
transformations (Shuto et al., 2004; Sanchez-Pérez et
al., 2025). The rapid heating and cooling cycles
inherent in grinding processes can induce residual
stresses, material cracking, and chemical alterations,
which ultimately affect the mechanical properties of
the workpiece, such as hardness and tensile strength
(Breidenstein et al., 2024; Li et al., 2024).

In particular, phase transformations in gray cast
iron result in plastic deformation, volume changes, and
modifications to the material’s internal structure
(Zhang et al., 2021). Existing models primarily focus
on predicting temperature evolution during the
grinding process but often overlook the complex
interactions  between thermal gradients and
mechanical deformation caused by grinding forces
(Hadad and Sadeghi et al., 2012; Grigoriev et al.,
2014). A comprehensive thermal-mechanical analysis
is necessary to understand how these factors influence
surface integrity, phase transformations, and the
development of residual stresses (Qian et al., 2024;
Gostimirovic et al., 2022).

Traditional methods for measuring residual
stress, such as the hole-drilling technique or X-ray
diffraction, while effective, are often destructive,
costly, and unsuitable for real-time monitoring
(Storchak et al., 2024). To overcome these limitations,
this study presents a novel dual optical fiber real-time
measurement system that allows for non-destructive,
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real-time monitoring of thermal stresses and residual
strains within the workpiece during grinding.

This system utilizes embedded optical fibers to enable
direct measurement of thermal expansion and
mechanical deformation. By wusing fiber Bragg
gratings, the system decouples force-induced and
temperature-induced strains, providing a more
accurate and efficient method for optimizing grinding
processes (Rowe et al., 2014; Lyu et al., 2024). Unlike
conventional techniques, the dual-fiber system
extends the application of optical fiber technology
beyond monitoring vibrations and temperatures in
machine tools, offering a practical solution for
enhancing surface integrity and manufacturing quality
(Li et al., 2024; Tang et al., 2009).

EXPERIMENTAL SETUP

This study conducted precision surface grinding
experiments on FC-300 gray cast iron, utilizing a dual-
optical-fiber real-time measurement system to monitor
strain and temperature variations of the workpiece

under different machining conditions. The
experimental setup primarily includes grinding
equipment, workpiece material, optical fiber

arrangement, and the data acquisition system.

Ultra-precision  Surface Grinding Machine
Experiment
To carry out ultra-precision  grinding

experiments on workpieces, the tooling machine used
is a NAGASE-SGC630 ultra-precision surface
grinding machine, whose accuracy can reach
submicron, that is, 0.1 um. Hence, the processing
plant needs to be in an environment with constant
temperature and humidity and a cooling liquid for
continuous cooling to keep the tooling machine in a
good state of grinding. The workpiece is mainly placed
horizontally on the machining platform, which is fixed
by magnetic force, while the experimental instruments
and fiber optic measuring instruments are placed on
the table in front of the grinder. The grinder is operated
to make the workpiece contact with the grinding wheel
through the movement of the platform to carry out the
grinding. Fig. 1. shows a picture of the workpiece
placed on the grinder.

P .,
Workpiece placed on the grinding machine.

Figure 1.
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Workpiece Material

The workpieces used in this experiment were
made of FC-300 gray cast iron, a material widely
applied in the manufacturing of high-strength and
high-rigidity components. Fig. 2. shows two pieces of
gray cast iron (FC-300) prepared for grinding, with a
size of about 100 mm % 70 mm X 20 mm, numbered
A-2 and B-2.

Figure 2. Grinding of the gray cast iron to be tested
(FC-300).

Experimental setup for workpiece measurement
through a dual-fiber method

To assess the thermal strain, the thermal
expansion coefficient of the FC-300 gray cast iron was
measured using both an attached fiber and a free fiber.
As illustrated in Fig. 3, the optical fiber was initially
attached to the center of both the long and short sides
of the workpiece. At each designated position, a free
optical fiber was secured with thermal insulation tape
to prevent it from being affected by strain. A
thermocouple was positioned at the center of the fiber
grating to monitor temperature changes. During the
grinding process, the optical fiber was embedded
within the material through a circular hole, with an
additional thermocouple used to record temperature
variations. Throughout the experiment, wavelength
drift data from both the inner and side edges were
collected, while the attached fiber was mounted on a
horizontal platform for accurate measurements.

Thermal couple
Free FBG

Thermal col
Free FBG

Figure 3. [Illustration of the experimental setup for
the dual-fiber method.
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RESULTS AND DISCUSSION

Gray cast iron (FC-300) No. A-2 and B-2
workpieces are used to conduct 14 grinding
experiments separately to discuss the temperature rise
and strain data measured using the dual-fiber optic
method for two types of workpieces.
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Figure 4. Internal measurement results of 14 grinding
processes on No. A-2 workpiece.(Total:1200 s) (a.)
Attached fiber & free fiber wavelength drift (b.)
Temperature rise information (c.) Thermal stress
information (d.) The wavelength drift of each of heat
and force (e.) Force strain information (f.) Total strain
information

No. A-2 Workpiece with 14 grinding passes

The machining process for No. A-2 workpiece
includes 1200 rpm grinding wheel and 5000 mm/min
feed rate for the 14 grinding experiments. Each
grinding depth is 10 um, with a total grinding depth of
140 pm. The sampling frequency for the experiment is
set to 1000 Hz. Although the 14 grinding processes can
be completed within 1 min, the experiment is
conducted for 1200 s to allow the workpiece
temperature to return to the initial temperature setting
for measurement. Fig. 4. and Fig. 5. show the results
of the measurement of the internal fiber group within
1200 s and the first 70 s of the machining process. Fig.
4. (a.) shows the wavelength drift of the two optical

fibers during the experiment, where blue is the
attached optical fiber signal, and green is the free fiber
signal.
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Figure 5. Internal measurement results of 14
grinding processes on No. A-2 workpiece) (first 70 s)
(a.) Attached fiber & free fiber wavelength drift (b.)
Temperature rise information (c.) Thermal stress
information (d.) The wavelength drift of each of heat
and force (e.) Force strain information (f.) Total strain
information

The 28 contact signals of the 14 reciprocating
grinds are measured on both optical fibers. Among the
14 grinding processes, the attached optical fiber
wavelength only drifts about 0.7 nm, while the free
optical fiber drifts about 0.2 nm. Fig. 4. (b.)
demonstrates the measured temperature rise. After 14
grinding processes, the maximum internal temperature
reaches about 70.00 °C. Fig. 4. (c.) is the result of free
fiber temperature rise multiplied by the thermal
expansion coefficient to deduce the thermal strain,
where K €=0.8. In the graph, the thermal strain is
calculated by LTE=10.45, and the maximum thermal
strain caused by the temperature rise in the cut is about
500ue. In Fig. 4. (e.), the grinding process first causes
compressive strain, with the maximum force strain
causing a compressive strain of about -400 pe. At
about 500 s, the strain shows a stable tensile strain with
a value of about 11.82 pe. Owing to the low grinding
temperature, the grinding force exerts a minimal effect
on the workpiece, forming a small tensile stress.
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Therefore, the grinding temperature is speculated to be
the main factor affecting residual strain.

Original Signal ATemperature (from tube-FBG)
Time (sec)=1200 K =6.67e-06
e ) 10 o
0.6 A, =0.00737 TW:{} 4

AN =0.00083
tube

>

=
S

AWavelength (nm)

| N
0 500 1000 0 500 1000
Time (sec) Time (sec)

(a.) (b.)

’ Thermal Strain (from tube-FBG)

AWavelength (Thermal & Force)
200

150

0.3

S
£100 2Ll
K =0.8 | Al o g0-0018484
50 LTE (1e/°C)=10.23 A A, =0.0092184
of o~ o T—
0 500 1000 0 500 1000
Time (sec) Time (scc)
(c.) (d)
Force Strain (from nude-FBG) Total Strain
230 400
200
300
150
< 2200
100
50 100
of 0
0 500 1000 0 500 1000
Time (sec) Time (sec)
(e) (f)

Figure 6. Side measurement results of 14 grinding
passes on No. A-2 workpiece. (a.) Attached fiber &
free fiber wavelength drift (b.) Temperature rise
information (c.) Thermal stress information (d.) The
wavelength drift of each of heat and force (e.) Force
strain information (f.) Total strain information

Fig. 6. and Fig. 7. are under the same 14 grinding
experiments. The temperature rise and strain
information measured by the side optical fiber group
refers to the information during the overall time and
the first 70 s. Fig. 6. (a.) shows the signal of the
original wavelength drift. The values measured by the
optical fiber on the side are relatively lower than those
measured inside. Given the far distance from the
surface, the cutting force causes the signal to be
relatively smooth. In Fig. 6. (b.), the temperature is
only up to the maximum of about 43.00 °C. Fig. 6. (c.)
presents that the maximum lateral thermal strain is
about 200 pe, and Fig. 6. (d.) indicates that during the
grinding process on the side, the wavelength shift
caused by the force is positive and quite close to the
wavelength shift induced by heat. The strain of the
force in Fig. 6. (e.) is only about —7.5pue
compressive strain at the end of the measurement. The
residual strain measured inside and on the side of No.
A-2 workpiece by the optical fiber is a small and
negative compressive strain.
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Figure 7. Side measurement results of 14 grinding
passes on No. A-2 workpiece) (First 70 s) (a.)
Attached fiber & free fiber wavelength drift (b.)
Temperature rise information (c.) Thermal stress
information (d.) The wavelength drift of each of heat
and force (e.) Force strain information (f.) Total strain
information

4.2 No. B-2 Workpiece with 14 grinding passes
After No. B-2 workpiece is fixed on the platform,
the machining process is performed the same as that
for No. A-2 workpiece. To allow the workpiece
temperature to return to the initial temperature, the
experiments are set to measure at the time of 1,000 s
to carry out machining measurements. Fig. 8. shows
the history of measured temperature rise, strain, and
temperature reduction of the internal optical fiber in
the 14 grinding processes. Fig. 8. (a.) is the wavelength
drift situation during the experimental process, where
blue is the attached optical fiber, and green is the free
optical fiber. Because the main grinding is
concentrated in the first 60 s, we can observe 2 nm drift
for the attached optical fiber and 1 nm drift for the free
optical fiber. At the end of grinding, the internal lattice
structure of the workpiece is reorganized. The free
optical fiber returns to the original wavelength drift at
room temperature when the experimental time is about
400 s. After the temperature recovery, the attached
optical fiber produces a negative wavelength drift due
to the residual strain inside. Fig. 8. (b.) is the measured
temperature rise of the free fiber, in which the
temperature reaches 140°C during grinding, and the
temperature at the end of the experiment is 22.78 °C.
The temperature is only about 0.40 °C different from
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the initial temperature, almost returning to room
temperature.
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Figure 8. Internal measurement result of No. B-
2workpiece) from 14 grinding processes. (a.) Attached
fiber & free fiber wavelength drift (b.) Temperature
rise information (c.) Thermal stress information (d.)
The wavelength drift of each of heat and force (e.)
Force strain information (f.) Total strain information

Fig. 8. (c.) is the result of free fiber temperature
rise multiplied by the thermal expansion coefficient to
deduce the thermal strain, where K &=0.8, and
LTE=10.23. The maximum thermal strain caused by
the temperature rise in the cut is about 1200 pe. As the
temperature returns to the initial temperature, the
thermal strain is finally about 3.87 pe. Fig. 8. (d.)
shows the wavelength drift caused by heat and force
after decoupling, with green representing the
wavelength drift induced by heat, which includes
temperature rise and thermal strain. High temperatures
cause a drift of about 2 nm in heat, and as the
temperature drops to the starting temperature, the
wavelength drift of the green line also returns to the
initial value. The blue line represents the wavelength
drift caused by force. The grinding force induces
residual strain in the internal lattice structure of the
material, with the residual wavelength drift being
about —0.76 nm. Fig. 8. (e.) is the analyzed force
strain, which contains the strain caused by the cutting
force and the temperature drop in the lattice
reorganization. The strain value becomes a certain
value after 70 s of the grinding process, that is, about
—615.63 pe. Fig. 8. (f.) is the total strain, including
thermal and force strains. After 70 s, residual strain is
gradually formed inside the material.

The final strain value is a compressive residual
strain of approximately —611.76 pe, which is mainly
caused by strain and stress strain other than the
temperature rise of force and lattice reorganization.
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Figure 9. Measurement results of 14 grinding passes
of No. B-2 workpiece (zoomed in to the first 50 s) (a.)
Attached fiber & free fiber wavelength drift (b.)
Temperature rise information (c.) Thermal stress
information (d.) The wavelength drift of each of heat
and force (e.) Force strain information (f.) Total strain
information

Fig. 9. is the process of the same experiment with
the time axis zoomed in to the first 50 s, in which the
high-resolution characteristics of the fiber Bragg
grating detailedly record the information of the brief
grinding process. In Fig. 9. (a.), the values measured
by the attached fiber are higher than those by the free
fiber. The attached fiber is subject to force strain,
making the signal of the attached fiber sharper than
that of the free fiber. Because the grinding wheel
reciprocates back and forth for one pass, both fibers
measure a small peak value under the main peak value,
which is the grinding signal during the reciprocating
recovery. Fig. 9. (b.) shows the temperature rise signal
during the grinding process. In the same pass, the
grinding wheel reciprocates back and forth over the
surface, with each main pass causing the workpiece to
rise by about 20.00 °C. The temperature rise from the
recovery grinding after the main pass is also measured,
with the workpiece ultimately reaching about 140.00
°C. The detailed information marked in the figures in
this paper, such as the red labels A"T=70.8192" and
"T=93.2192" in this figure, indicates the analysis
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results at the end of the time axis of the figures; in this
figure, it is the temperature rise from 0 s to 50 s. Fig.
9. (c.) depicts the thermal strain of the workpiece
during the grinding process, which follows the same
trend as the temperature rise. Fig. 9. (d.) shows the
force and thermal wavelength drift during the grinding
process; the instantaneous cutting force pulling on the
grating results in the blue force wavelength drift signal
being sharper than the green thermal wavelength drift
signal. Fig. 9. (e.) demonstrates the resolved force
strain. In each grinding pass, the grinding wheel
produces a positive strain on the workpiece, after
which the internal structure begins to reorganize,
gradually forming a compressive residual strain. Fig.
9. (f.) shows the total strain for the first 50 s. Given
that the temperature rise effect is still present, the total
strain is mainly dominated by the tensile strain of the
thermal strain.
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Figure 10. Side measurement of 14 grinding passes of
No. B-2 workpiece. (a.) Attached fiber & free fiber
wavelength drift (b.) Temperature rise information
(c.)Thermal stress information (d.) The wavelength
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information (f.) Total strain information

Fig. 10. and 11. show the overall result and the
results in the first 60 s of the same experiment with 14
grinding passes, with the temperature rise and strain
measured by the side optical fiber. Fig. 10. (a.)
presents the wavelength drift during the experiment.
Because they are not as close to the surface as the
internal fiber, the peak signal waveforms of the
attached and free fibers are relatively smoother, but the
28 peaks within the 14 cuts can be distinctly measured.
Fig. 10. (b.) shows the temperature rise of the
workpiece, which reaches about 120°C during
grinding, that is, about 20 °C less than that of the
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internal fiber. Fig. 10. (c.) illustrates the thermal strain
during the grinding process; owing to the small
temperature rise, the maximum thermal strain is about
900 ue. Fig. 10. (d.) shows the wavelength drift due to
force and heat separately; the force wavelength drift
starts as a positive value at the beginning of cutting and
gradually forms a negative value of compressive strain
after subsequent cuts. Around 200 s, a small spike due
to occasional data loss from the wavelength
demodulator occurs, speculated to be caused by a
decrease in light energy, which does not affect the
measurement. Fig. 10. (e.) exhibits the history of force
strain. After the grinding is completed, the workpiece
gradually forms a compressive strain. Around 400 s, a
fixed value of residual strain is formed, with a value of
about —281.20 pue.
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Figure 11. Flank measurement of No. B-2 workpiece
of 14 grinding passes (first 60 s) (a.) Attached fiber &
free fiber wavelength drift (b.) Temperature rise
information (c.) Thermal stress information (d.) The
wavelength drift of each of heat and force (e.) Force
strain information (f.) Total strain information

Fig. 10. (f.) shows the total strain added up,
subtracting the residual thermal strain, with a residual
compressive strain of about —273.00 pue on the side
position. Because the side is deep and far from the
machining surface, the final value is a compressive
strain internally and on the side, with quantitative
differences depending on the depth position.

In the grinding experiment, the temperature
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information is mainly converted by the optical fiber.
To verify that the measured temperature information
is accurate, the temperature rise measured in a cutting
experiment is compared with that measured using a
thermocouple. Fig. 12. and Fig. 13. are the
comparisons of the internal and side temperatures,
where the red color is the thermocouple temperature
rise information, and the black color is the internal
temperature rise information measured by the optical
fiber. Given that the sampling frequency of the
thermocouple is only 2 Hz, its fluctuation amplitude is
obviously larger than that of the fiber optics, which has
a very high sampling rate. In terms of measurement
values, owing to the high resolution of the optical fiber,
the whole processing details can be shown. Although
the thermocouple can only roughly see the trend of
temperature rise, the two measurements are quite
consistent with the temperature, which confirms the
ability of the fiber optic gratings to measure
temperature rise.
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Figure 12. Comparison of the internal temperature rise
of No. B-2 workpiece
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Figure 13. Comparison of temperature rise on the side
of No. B-2 workpiece.

CONCLUSIONS

This study presents a groundbreaking dual-fiber
real-time measurement system designed to analyze
internal residual stress in grinding processes. By
embedding high-sensitivity optical fibers in the
workpiece, the system enables real-time measurement
of internal strain under various grinding conditions.
This novel approach addresses the limitations of
traditional methods, providing a non-destructive, cost-
effective, and immediate analysis of thermal stress and

residual strains.

Experimental results validate the system's
effectiveness, showing a clear correlation between
cutting depth and workpiece temperature, with normal
grinding conditions primarily causing pressure
deformation and residual compression strain. The
system's ability to decouple strain caused by force and
heat through resonant wavelength wander theory
enhances its precision and reliability. Lower
temperature cutting and grinding wheel dressing were
found to mitigate residual strain, highlighting practical
strategies for improving grinding outcomes.

The findings from fourteen grinding experiments
on gray cast iron (FC-300) workpieces demonstrate
the system's potential for industrial application, with
the maximum thermal and force strains providing
crucial insights into the grinding process. This
innovative measurement system not only advances the
understanding of residual stress formation but also
offers a wvaluable tool for optimizing grinding
techniques, ultimately contributing to enhanced
surface integrity and component performance in
manufacturing.
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