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Abstract— Accurate measurement of interfacial heat transfer
during casting solidification is crucial for optimizing metal
solidification processes. The gap between the mold wall and
the casting surface plays a significant role in heat transfer and
cooling rates. In this study, two innovative fiber-optic sensors are
employed to measure real-time mold gaps and thermal profiles
during the solidification of A356 aluminum in a permanent
mold casting. The experimental setup consists of a specially
designed mold system made of unheated, uncoated tool steel,
which facilitates easy installation of the fiber-optic sensors. An
Extrinsic Fabry–Perot interferometric (EFPI) sensor is utilized
to monitor the evolving gap between the mold wall and the
casting surface. This method relies on the unique concept of
using molten metal as the second reflection interface for gap
measurements. The EFPI gap measurements exhibit high accu-
racy and precision, with a maximum error of only 2 µm when
compared to physical measurements. Simultaneously, a stainless
steel-encased fiber utilizing the Rayleigh backscattering (RBS)
technique is deployed across the mold wall and cavity to achieve
real-time temperature measurements with a spatial resolution of
0.65 mm. The study demonstrates that leveraging high-resolution
temperature profiles and gap evolution measurements enhances
understanding of heat transfer dynamics at the mold-metal
interface, particularly valuable for complex-shaped castings and
continuously cast metals. Additionally, the ability to measure the
cast shape exiting a continuous casting mold during operation
presents a novel tool for real-time product quality monitoring and
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process safety enhancement by detecting conditions that may lead
to slab cracking and breakouts.

Index Terms— Aluminum casting, distributed temperature
measurement, extrinsic Fabry–Perot interferometer (EFPI), gap
measurement, interfacial heat transfer, molten metal, optical
fiber sensors, optical frequency-domain reflectometry (OFDR),
Rayleigh backscattering (RBS).

I. INTRODUCTION

SOLIDIFICATION is a fundamental step in metal produc-
tion, involving the transformation of liquid metal into a

desired solid shape [1], [2]. The use of molds is prevalent
in this process, as they play a crucial role in shaping the
metal. However, the heat transfer dynamics at the mold-
metal interface, particularly for complex-shaped castings and
continuously cast metals, remain poorly understood [3], [4]. To
bridge this knowledge gap, mathematical models integrating
solidification, heat transfer, and mechanical stress have been
employed to enhance our understanding of the interface gap
during solidification in static molds [5], [6], [7]. These models
consider factors such as cooling rate and temperature gradients
between the mold and metal, providing valuable insights
into solidification and opportunities for process optimization.
Similarly, advanced models have been developed to simulate
heat transfer and solidification in continuous casting molds
[3], [8], [9], [10]. These models account for factors such
as the liquid and crystalline layers of mold flux in the gap,
as well as the movement of the mold itself. By incorporating
these factors, a comprehensive understanding of mold flux
behavior and heat transfer can be achieved. A thorough under-
standing of metal solidification is crucial for achieving better
control, consistency, and higher-quality metals. These models
have significantly improved metal manufacturing processes
by enhancing efficiency, reducing costs, and improving the
quality of the final product. By leveraging scientific models
to explore the complexities of solidification, we can gain
valuable insights and develop more efficient and effective
manufacturing processes.

Enhancing metal manufacturing processes often involves the
direct measurement of mold gaps and temperature profiles
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during high-temperature solidification. Linear displacement
sensors, particularly linear variable differential transformers
(LVDTs) [11], [12], [13], have been widely employed for
this purpose. LVDTs offer a linear output and excellent
resolution, enabling highly accurate measurements down to
a few microns. Their advantages include low friction and
extended lifespan, making them reliable for applications
requiring precise linear displacement measurements. However,
it is important to acknowledge some drawbacks associated
with LVDTs. LVDTs can be relatively expensive compared
to other displacement sensors and require signal conditioning
electronics. They are also sensitive to environmental factors
such as temperature changes, and external magnetic fields
can introduce measurement errors. Despite these limitations,
LVDTs are still popular in various industries, including auto-
motive, aerospace, and industrial sectors [14], [15], [16]. To
mitigate the influence of external factors, effective measures
can be taken when using LVDTs. These include shielding or
enclosing them and employing signal conditioning electronics
to amplify and filter the output signal. However, challenges
arise in the steelmaking industry due to the mechanical
complexity of LVDTs and the need for temperature compensa-
tion, limiting their application in this field. Fortunately, there
have been promising advancements in the form of emerging
techniques, such as fiber-optic sensors, which show potential
for overcoming these limitations. Fiber-optic sensors offer
new avenues for more accurate and reliable measurements in
the solidification process. Unlike LVDTs, fiber-optic sensors
are immune to electromagnetic interference and can operate
in harsh environments. They can also provide distributed
sensing capabilities along the fiber, allowing for simultaneous
measurement of multiple points. The utilization of fiber-optic
sensors in measuring mold gaps and temperature profiles dur-
ing solidification presents exciting possibilities for improved
accuracy and reliability. By leveraging the unique advantages
of fiber-optic technology, such as immunity to electromagnetic
interference and distributed sensing capabilities, these sensors
hold promise for enhancing solidification processes in various
industries, including steelmaking.

Fiber-optic sensors have emerged as a highly promising
technology with increasing adoption across various industries
in recent decades. These sensors utilize light to detect and
measure environmental changes, endowing them with excep-
tional sensitivity and selectivity. Their applications span a wide
range of fields, including civil engineering for structural health
monitoring and healthcare and industry for biomedical sensing
[17], [18], [19], [20]. Notably, one of the key advantages
of fiber-optic sensors lies in their ability to operate reliably
in harsh and hazardous environments [21], [22], [23], [24].
Unlike traditional sensors containing electrical components,
fiber-optic sensors can withstand extreme temperatures, radia-
tion, and high pressures that would render conventional sensors
unsuitable. Furthermore, fiber-optic sensors are immune to
electromagnetic interference, making them well-suited for use
in electromagnetic fields. The accuracy of fiber-optic sensors
is another notable advantage, enabling precise detection of
temperature and strain changes [25], [26], [27]. This precision
makes them highly attractive to manufacturers requiring tight

process control to ensure product quality and production
efficiency. In summary, fiber-optic sensors possess signifi-
cant potential across a wide range of industries, including
healthcare, civil engineering, and steel engineering. Their
exceptional sensitivity, accuracy, and ability to operate in
harsh environments make them an appealing choice. While
specialized expertise is necessary for optimal performance, the
impressive capabilities and versatility of fiber-optic sensors
make them an increasingly preferred option for numerous
applications.

In this article, we present experimental findings utilizing
a temperature-insensitive optical fiber Fabry–Perot interfer-
ometer (FPI) approach for dynamic measurements of the
mold gap at elevated temperatures during the casting process.
A novel concept is introduced, employing molten metal as the
second reflection interface for gap measurements, which offers
accurate and real-time detection of gap changes during liquid
metal solidification. This approach provides valuable insights
into the metal solidification process. The obtained gap mea-
surements are compared with physical measurements, demon-
strating highly accurate and precise results with a mere 2 µm
error. Additionally, we utilize the RBS technique to develop a
novel method for measuring temperature distributions across
the mold cavity and walls during aluminum solidification. By
inserting a single channel single-mode optical fiber into a
stainless-steel tube, we achieve temperature monitoring across
the mold wall and cavity with an impressive spatial resolution
of 0.65 mm. These temperature measurements enable the
creation of a comprehensive thermal profile, shedding light on
heat transfer dynamics throughout the entire molten aluminum
solidification process. The direct measurement of the mold
gap and temperature profile across the gap holds significant
potential for the metal industry, such as continuous casting, hot
rolling, and steel forging. It allows for enhanced control and
optimization of the solidification process, leading to substantial
improvements in product quality and consistency. Moreover,
this approach has implications beyond the realm of quality
control. It has the potential to facilitate the development of new
alloys, simplifying the production of previously challenging-
to-cast alloys within existing manufacturing processes. This
advancement holds promise for both military and industrial
markets, enabling the production of more sophisticated and
specialized alloy products. In summary, our findings highlight
the successful utilization of a temperature insensitive FPI
approach for dynamic mold gap measurements and the innova-
tive use of molten metal as a reflection interface. Additionally,
we demonstrate the applicability of the RBS technique for
temperature monitoring during aluminum solidification. This
development significantly impacts the metal industry, offer-
ing improved control, optimized solidification, and enhanced
product quality. Furthermore, it opens doors to new alloy
possibilities and greater manufacturing efficiency.

II. SENSING MECHANISM

A. Fabry–Perot Interferometer

FPI is a widely employed optical measurement tool that
relies on the interference of light waves [28]. It comprises a
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Fig. 1. Sensing principle and interferograms of an optical fiber EFPI. (a) EFPI
cavity is formed by placing two reflective mirrors at the ends of a single-mode
optical fiber, creating a cavity with a specific length. When a broadband light
source is coupled into the fiber, the reflected light from the mirrors interferes,
resulting in a pattern of interference fringes. (b) Changes in the cavity length
caused by external perturbations, such as pressure or temperature variations,
cause a shift in the interference pattern, enabling precise measurement of the
perturbation. (c) In this study, a novel approach utilizing molten metal as the
second mirror was proposed for the first time and implemented for monitoring
gap changes during the solidification of aluminum in a mold.

pair of flat, parallel mirrors separated by a known distance.
Incident light waves are reflected back and forth between
these mirrors, resulting in interference patterns as the waves
interact. Analyzing these interference patterns provides valu-
able information about the physical properties of the system
being studied. FPIs are versatile and capable of measuring
various physical phenomena, including temperature, pressure,
strain, and refractive index [17], [29], [30]. They exhibit
high sensitivity and selectivity and can capture both static
and dynamic changes in the environment. The performance
of FPIs can be enhanced through different techniques. For
instance, the inclusion of multiple mirrors or the incorporation
of wavelength tuning sources like piezoelectric transducers
or tunable lasers can improve the instrument’s resolution and
range. These techniques augment the capabilities of FPIs, mak-
ing them invaluable for scientific and industrial applications.
In the field of optical metrology, FPIs serve as a vital tool,
delivering precise and reliable measurements for a wide range
of physical parameters. Fig. 1(a) and (b) illustrates the working
principle and the optical interferograms of an optical fiber FPI,
respectively.

The endface of the optical fiber and a second reflector form
an EFPI with a cavity length of L . The resulting interference
signal I is given by

I = I1 + I2 + 2
√

I1 I2 cos
(

4πnL
λ

+ ϕ

)
(1)

where I1 and I2 represent the light intensities reflected from
the endface of the optical fiber and a second reflector,
respectively. Additionally, ϕ denotes the initial phase differ-
ence of the interferometer, n represents the refractive index of
air as 1.0000293 (approximately 1), and L indicates the length
of the air cavity [17], [30], [37]. The change in the refractive
index of air from room temperature to high temperature is

typically small, with minimal impact on most experiments
[36]. This change is usually on the order of 10−6/◦C. In
practical applications and experiments, including this study,
this change is considered negligible and can be effectively
managed through calibration or compensation methods. The
free spectral range (FSR) is the distance between two succes-
sive minima in the interferogram. The FSR can be calculated
using the following equation as:

FSR =
λ 2

2L
(2)

where λ is the wavelength of the propagated light [37]. So,
the cavity length can be demodulated by determining the FSR
of the interferogram. The change in cavity length 1L can be
determined by

1L =
λ 21FSR

FSR1FSR2
(3)

where FSR1 and FSR2 are the values of FSR before and after
displacement, respectively [37].

In this study, we introduce a novel method utilizing an
optical fiber EFPI as a sensing element to monitor gap changes
during aluminum solidification, as depicted in Fig. 1(c). The
endface of the single-mode fiber acts as the first reflector,
while the molten aluminum acts as the second reflector. As the
molten aluminum undergoes solidification, the optical cavity
length increases proportionally, allowing direct measurement
of the shrinkage process. Notably, the optical cavity length
exhibits a plateau toward the end of the solidification pro-
cess, which offers valuable insights into process dynamics.
This plateau represents a critical point where the molten
aluminum transitions from a liquid to a solid state, resulting
in shrinkage. By experimentally monitoring the gap changes
during aluminum solidification (shrinkage), we gain a deeper
understanding of the underlying physics and develop computer
models that can optimize the casting process and enhance the
quality of the final product. The findings of this study represent
a significant advancement in the monitoring, prediction, and
control of the casting process, paving the way for improved
casting methodologies and enhanced product quality.

B. Rayleigh Backscattering (RBS)

RBS refers to the phenomenon where light or electromag-
netic radiation is scattered by particles that are significantly
smaller than the wavelength of the radiation [31]. Specifi-
cally, it describes the scattering of radiation that is directed
back toward the source rather than being scattered in other
directions. RBS finds diverse applications in industries such
as telecommunications, remote sensing, and environmental
monitoring [32], [33]. In optical fiber communication systems,
RBS is a prominent source of noise. However, by analyzing
the characteristics of the backscattered signal, valuable infor-
mation about the fiber and its environment can be extracted.
Lidar systems utilize RBS to measure atmospheric conditions,
while it is also employed for air pollution detection and
monitoring particulate matter concentrations in environmental
applications [34]. RBS serves as a sensing mechanism for
temperature measurement in optical fibers [35]. The proposed
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system for distributed temperature measurements relies on
the phenomenon of Rayleigh scattering within a single-mode
optical fiber. Rayleigh scattering occurs when incident light
interacts with discontinuities in a medium characterized by
dimensions smaller than the wavelength of the incident light.
Within the context of an optical fiber, random fluctuations in
the refractive index of the fiber material give rise to Rayleigh
scattering phenomena. Temperature fluctuations induce alter-
ations in both the refractive index and the physical length of
the optical fiber, thereby inducing discernible spectral shifts
in the RBS spectra. Using RBS for temperature measurement
offers several advantages, including high accuracy, high sensi-
tivity, and the ability to measure temperature at multiple points
along a single fiber. Moreover, it is a noninvasive technique
that does not require physical contact with the fiber, making
it well-suited for harsh environments or applications where
accessing the fiber is challenging.

This study introduces a novel method for measuring tem-
perature distributions during aluminum solidification across a
mold cavity and mold walls. To achieve this, an optical fiber,
encased in a stainless-steel tube, was employed for temperature
measurements with high spatial resolution and a rapid mea-
surement acquisition rate. The measurement technique relied
on RBS using a coating-stripped single-mode optical fiber
with an outer diameter of 0.125 mm. Temperature changes
induce modifications in the refractive index and length of the
optical fiber, leading to shifts in the RBS signal. By mon-
itoring these shifts, temperature variations can be accurately
measured and mapped across the mold cavity and walls during
the solidification process. This innovative approach provides
valuable insights into the thermal dynamics and behavior
of the aluminum solidification process, facilitating process
optimization and enhancing the quality of the final product.
The RBS shift 1λ resulting from a temperature change 1T
is expressed as

1λ = λ (α + ζ )1T (4)

where λ is the operating wavelength, α is the thermal expan-
sion coefficient (0.55 × 10−6/◦C), and ζ is the thermo-optic
coefficient (8.5 × 10−6/◦C) of the optical fiber [35]. The
reference RBS signal from the fiber under test was initially
recorded when the fiber was placed in the test setup at
room temperature. Subsequently, Rayleigh signals obtained at
elevated temperatures were compared to the reference signal
using cross correlation analysis. This comparison allowed
for the measurement of spectrum shifts, which were then
converted into temperature measurements using temperature
coefficients specific to the fiber material. By utilizing this
methodology, accurate and precise temperature measurements
were obtained, enabling a comprehensive understanding of
temperature variations during the experiment. The RBS signals
were acquired and processed using an interrogator based on
optical frequency-domain reflectometry (OFDR). OFDR is an
optical sensing technique employed for measuring physical
properties, including temperature and strain, along an optical
fiber. It utilizes a swept coherent light source to inject light
into the fiber. As the light propagates through the fiber,
a small fraction is backscattered due to microscopic variations

Fig. 2. Schematic of the experimental setup for aluminum casting. Two
EFPIs are embedded on opposite sides of the mold wall and connected to the
integrator for data acquisition. The RBS-instrumented channel is positioned
across the mold wall and cavity, and it is connected to the OFDR integrator
for temperature monitoring.

in the refractive index, leading to Rayleigh scattering. The
backscattered light carries information about the fiber’s phys-
ical properties, such as temperature. OFDR measures these
properties by analyzing the interference between the incident
light and the backscattered light at different positions along
the fiber. This analysis involves comparing the phase and
intensity of the reference signal with the backscattered light at
different frequencies, resulting in interference patterns. These
patterns are then transformed from the frequency domain to
the distance domain using Fourier transform. The resulting
high-resolution profile of the backscattered light provides valu-
able insights into the distribution of backscattered light inten-
sity, enabling the detection and localization of temperature or
strain changes along the fiber with exceptional precision. In
this study, temperature measurements were performed using
OFDR with a remarkable spatial resolution of 0.65 mm and
a rapid measurement acquisition rate of 13 Hz. This allowed
for the detailed characterization of temperature distributions
during the aluminum solidification process. The innovative
method employed in this research has significant potential for
advancing the field of materials science and industry, as it
enables more accurate and efficient temperature measurements
during solidification processes. It offers valuable insights into
the thermal dynamics and behavior of the process, facilitating
improved process optimization and enhanced product quality.

III. EXPERIMENTAL

A. Experimental Setup and Sensors Installation

The positioning of the EFPI sensor inside a ferrule and its
installation through the mold wall are illustrated in Fig. 2.
To ensure proper alignment and secure the fibers in place, the
cleaved EFPI fibers are placed within the ferrule. The ferrule is
then fixed to the mold wall using refractory cement, ensuring
the accuracy of gap measurements during the solidification
process. Care was taken to select a precision collar hole
diameter that minimizes metal penetration while the mold
is being filled. When liquid metal is poured into the mold,
a reflective surface is formed. As the metal gradually cools
and solidifies, it undergoes shrinkage, which can be precisely
measured using the EFPI sensor. This measurement allows for
the determination of the gap between the reflective surface and
the sensor. The accurate measurement of this gap is essential
for understanding and analyzing the interfacial heat transfer
that occurs during solidification. The insights gained from
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this measurement contribute to the improved understanding
of casting processes and aid in enhancing the accuracy of
interfacial heat transfer models. A coating-stripped single-
mode optical fiber with an outer diameter of 0.125 mm was
employed to measure temperature changes using RBS. In order
to mitigate potential mechanical distortions caused by delam-
ination and combustion of the polymer coating, the coating
was intentionally removed. To safeguard the fragile fiber from
mechanical impacts, it was enclosed within a stainless-steel
tube positioned across the mold wall and cavity. It is important
to note that while the stainless-steel tube provides mechanical
protection, its primary purpose is not to shield against the
variables (temperature, strain/pressure) being measured. RBS
served as the basis for temperature measurement, where alter-
ations in the refractive index and length of the optical fiber
led to shifts in the RBS signal. The temperature measurements
obtained from the OFDR system were processed and discussed
in detail. To establish a reference temperature at the center of
the mold cavity, a K-type thermocouple was also placed inside
the stainless-steel tube alongside the RBS channel, as depicted
in Fig. 2. This reference temperature served as a comparison
point for the optical fiber temperature measurements taken at
the same location. By comparing the temperature readings
from the thermocouple and the optical fiber, the accuracy
of temperature measurements during the mold filling process
could be verified and ensured.

B. Mold Design

To facilitate the installation of the optical fiber sensors into
the mold walls and through the mold cavity, a permanent
mold system made of unheated, uncoated tool steel was
designed. The mold cavity had a width of 25.4 mm, specifi-
cally accommodating the placement of the fiber-optic sensors.
The detailed dimensions and design of the mold are presented
in Fig. 3. During the experiments, commercial-grade molten
A356 aluminum was poured into the non-preheated, permanent
mold system, which was equipped with two types of sensor
port holes. The first hole type housed an optical fiber equipped
with RBS technology for temperature measurements, while
the second hole type contained a ferrule that encapsulated an
EFPI sensor for gap measurements, as illustrated in Fig. 3(a)
and (b). This mold design ensured precise sensor placement
within the mold, enabling real-time measurements of the gap
between the mold wall and the casting surface, as well as
the temperature distribution across the interior mold walls.
By employing this mold design, casting experiments were
conducted to obtain crucial data on the gap between the
mold wall and the casting surface, as well as the temperature
distribution across a critical dimension of the mold. These
measurements provide essential insights for enhancing the
understanding of casting processes and improving the accu-
racy of interfacial heat transfer computer models, ultimately
advancing the optimization and control of the casting process.

C. Preliminary Sensor Calibration

Before conducting the casting experiments, the advanced
EFPI sensors underwent comprehensive calibration testing.

Fig. 3. Images of the instrumented mold and sensor placements. (a) Cross–
sectional view of the designed mold, highlighting the stainless-steel tube used
for RBS temperature measurement across the mold wall and cavity, and the
ferrule employed for the left side EFPI channel. The upper mold cavity spans
50.8 mm, while the bottom cavity measures 25.4 mm. (b) Top view of the
instrumented mold, demonstrating the installation of two EFPIs, one on the
left and one on the right side.

To determine their accuracy, a highly reflective metal mir-
ror attached to a micrometer was employed as a reference
standard, as depicted in Fig. 4. The mirror was placed on
an automatic horizontal micrometer stage that allowed for
linear movement with a resolution below 1 µm, as shown in
Fig. 4(a). The stage was programmed to move in intervals of
25 µm for the initial 50 µm displacement (two steps), followed
by 50 µm intervals for the remaining 950 µm displacement
(20 steps). Throughout the calibration experiment, a total
of 23 measurements were taken. The cavity length values
obtained from the Bay-spec integrator were compared with
the displacement values measured by the micrometer, and the
results are presented in Fig. 4(b). A linear fitting function
was applied to the collected data to evaluate the reliability
of the measurements. The linear fit yielded a slope value of
0.9932, indicating a high level of measurement accuracy for
the EFPI sensors. This finding is of great significance as it
demonstrates the suitability of the sensors for applications that
require highly precise measurements. Furthermore, the linear
relationship observed between the micrometer displacement
and the estimated cavity length values highlights the consis-
tency and reliability of the EFPI sensors. This consistency is
crucial for applications that demand precise measurements to
ensure the accuracy and quality of the final product.

The accuracy of monitoring the gap during casting is of
utmost importance, and to achieve this, an advanced EFPI
sensor is utilized. A sensor installation calibration was con-
ducted to ensure the accuracy of the gap measurements,
as depicted in Fig. 5. Initially, the bare cleaved fiber was
placed within a ferrule to align and secure the fiber. Subse-
quently, the ferrule was securely fixed to the mold wall, first
using superglue to immobilize the ferrule and then refractory
cement to fix the ferrule in place permanently, preventing
any movement during the solidification process. To avoid any
potential damage caused by the ferrule coming into contact
with the molten aluminum, an offset was introduced during
the ferrule installation. Fig. 5(a) presents a detailed schematic
of the EFPI setup within the designed mold. The labels “a,”
“b,” and “c” indicate the offset between the fiber end face
and the mold wall, the distance between the fiber end face
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Fig. 4. Calibration setup and results of the EFPI-based instrument for
measuring gaps. (a) Graph demonstrates the calibration test conducted by
horizontally moving the mirror in 25- and 50-µm increments, as depicted in
the figure insert. (b) Orange line represents the linear regression of the data
points, exhibiting a calculated slope of 0.9932, indicative of high measurement
accuracy.

and the solidified aluminum surface (the optical cavity), and
the distance between the mold wall and the solidified alu-
minum surface (air cavity/shrinkage), respectively. To evaluate
the installation offset, a magnet with a smooth surface was
employed to simulate the molten aluminum, serving as a
second reflector by making contact with each side of the
inner wall, as illustrated in Fig. 5(b). The experimental results
were collected and presented in Fig. 5(c). Both EFPI-1 and
EFPI-2 demonstrated minimal cavity length offsets of less
than 22 µm. The total offset between the two channels was
approximately 39 µm, which will be considered during the
analysis of accurate gap measurements during aluminum cast-
ing. The measured results also indicate high stability, which
is advantageous for meeting high-precision requirements.

IV. RESULTS AND DISCUSSION

This section presents the results and observations of the
aluminum pouring experiment, following the explanation of
sensor operation theory, experimental design, and calibration
results. The findings are summarized in Fig. 6. Aluminum
casting serves as a prime example to illustrate the principles
of heat transfer and thermodynamics. As depicted in Fig. 6(a),
when molten aluminum is poured into the mold, heat is
transferred to the surrounding materials, causing the aluminum
to cool and solidify. During the solidification process, the
aluminum undergoes a phase change from liquid to solid,
releasing latent heat. This heat is transferred to the surround-
ing materials, causing them to heat up and expand. As the
aluminum continues to cool and solidify, the heat transfer
rate decreases, and the aluminum and surrounding materials

Fig. 5. EFPI installation offset calibration test and results using a magnet with
a mirror surface. (a) Image of the calibration experiment setup showcasing
a magnet with a mirror surface attached to the inner mold wall for offset
measurement. (b) Graph displaying the offset calibration results for two EFPI
channels, demonstrating that the offsets for both channels were measured to
be below 22 µm. (c) Experimental results of internal offset during installation.

Fig. 6. Images of the aluminum pouring experiment. (a) Molten aluminum
liquid at 650 ◦C is poured into the designed mold, filling the inner cavity.
(b) Image of the solidified aluminum sample with RBS and two EFPI channels
embedded, illustrating the successful completion of the experiment without
any damage to the sensor channels.

begin to cool and contract, resulting in the generation of a
gap. From a material science perspective, the phase change of
aluminum from liquid to solid leads to a decrease in volume
due to the formation of interatomic bonds. This volume
reduction can induce dimensional changes and deformations
in the final casting, which may pose challenges for appli-
cations requiring precise tolerances or complex geometries.
Additionally, the result of the solidification process is a fully
solidified aluminum casting that has acquired the shape of
the mold, as illustrated in Fig. 6(b). The locations of the
EFPI and RBS sensors are highlighted in red to indicate the
positions where the sensors were installed. The collection of
gap and temperature measurements commenced prior to the
pouring of the molten aluminum and continued through partial
cool-down.
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Fig. 7. Images of casting and mold. (a) Image of the aluminum casting,
with a measured length of 25.077 mm. (b) Image of the empty mold, with a
measured mold cavity length of 25.400. A 0.323 mm difference is observed
indicating the aluminum shrinkage during solidification process.

The aluminum block was carefully removed from the mold
after it had completely cooled down, and its length was mea-
sured to be 25.077 mm, as depicted in Fig. 7(a). A comparison
was made with the length of the empty mold, which measured
25.400 mm, as illustrated in Fig. 7(b). The resulting difference
of 0.323 mm indicates that the aluminum experienced shrink-
age during the cooling process. This observation emphasizes
the significance of considering shrinkage effects in casting
design and production. By comprehending and effectively
controlling the factors that contribute to shrinkage, such as
alloy composition and cooling rate, it becomes feasible to
minimize the impact of shrinkage and produce high-quality
castings with the desired properties and dimensions.

To ensure accurate and reliable measurements, the Micron-
Optics Hyperion SI-255 optical broadband interrogator was
employed to capture interferograms at regular time intervals,
as depicted in Fig. 8. The Hyperion SI-255 interrogator
collected interferograms consisting of 20 000 points within
a wavelength band of 1460–1620 nm. These interferograms
were then processed using a custom low finesse EFPI demod-
ulation algorithm to estimate the air gap in real-time. Data
collection was carried out continuously for an average duration
of one hour throughout the entire experiment, generating a
comprehensive dataset for further analysis. The interferograms
captured before the molten aluminum pouring are displayed
in Fig. 8(a). Due to limitations of the integration system,
the maximum measurable gap is only 3.5 mm, which is
significantly smaller than the size of the mold cavity. As a
result, the fringe visibility in the signal appears to be very
low. To illustrate the change in cavity length and FSR during
pouring, two interferograms from each EFPI were selected
and are presented in Fig. 8(b). It is evident that the second
reflection occurred when the aluminum surface was present,
and an EFPI cavity was formed as soon as the aluminum
was poured, resulting in the generation of the interferogram
signal. Finally, to demonstrate the effect of solidification after

pouring, two additional interferograms were chosen and are
depicted in Fig. 8(c). The FSR value in Fig. 8(c) is lower than
that in Fig. 8(b), indicating a longer cavity length according
to (3). The comparison of the results from Fig. 8(b) and (c)
confirms the solidification effect after pouring. Once the solid-
ification process is complete, the aluminum ingot undergoes
complete shrinkage, forming a constant EFPI cavity and an
optical standing wave. The interferogram remains stable and
consistent due to the unchanging cavity length. Advanced
signal processing techniques are employed to analyze the
interferograms and calculate the cavity lengths. These tech-
niques involve zero-crossing and spectrum reconstruction to
extend the measurement range to larger distances and improve
measurement precision. By utilizing the zero-crossing tech-
nique, the location of the zero-crossing point in the signal
can be accurately determined, serving as a reference for
calculating the cavity length with high precision. The spec-
trum reconstruction technique helps eliminate phase noise,
reducing measurement uncertainty. These advanced signal
processing techniques extract important information about the
cavity length and contribute to the overall accuracy of the
measurement. With the use of these techniques, the EFPI
system achieves a wider and more accurate measurement
range of 10 µm to 3.5 mm, making it suitable for a broader
range of applications. By employing this methodology, precise
and detailed information regarding the gap changes dur-
ing aluminum solidification was obtained, enabling a deeper
understanding of the studied system, as depicted in Fig. 9.
The demodulation results obtained from two EFPIs played
a crucial role in understanding the shrinkage behavior of a
molten aluminum cast part during cooling, which will be
useful in steelmaking and continuous casting processes. The
cavity length variations of EFPI-1 and EFPI-2 were measured
and plotted against time, as shown in Fig. 9(a). EFPI-1
showed a change of 105.159 µm from the beginning of
the experiment to 60 min, indicating that the aluminum had
solidified. In contrast, EFPI-2 recorded a larger change of
254.691 µm within the same period. Moreover, a zoom-in plot
was demonstrated the first minute of gap measurement during
the aluminum solidification. When the molten aluminum is
poured into the mold, it initially flows into the mold cavity and
begins to fill the available space. As the aluminum material
comes into contact with the mold surfaces, it tends to solidify
and shrink quickly, resulting in the generation of the mold
gap. The total shrinkage of the aluminum sample was then
calculated, and the result was plotted in Fig. 9(b). The zoom-in
plot provides a clear visualization of the initial shrinkage that
occurs during the solidification process. Notably, within the
first 0.3 min, a significantly higher rate of aluminum shrinkage
is observed. This rapid shrinkage can be attributed to the
abrupt phase change, viscosity change, and nucleation that
take place during this early stage of solidification [1], [2].
Considering the 39 µm offset from the EFPI calibration test,
an effective shrinkage measurement of 321 µm was obtained.
This value closely matched the physical measurement value,
with a small error of 2 µm. Achieving such high measurement
accuracy is a significant accomplishment for steelmaking cast-
ing and represents a groundbreaking step in understanding the



7008412 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 72, 2023

Fig. 8. Interferograms from two EFPIs at three experimental times throughout the molten aluminum casting process. (a) Interferograms captured before
pouring. (b) Interferograms obtained during pouring. (c) Interferograms taken after pouring. The interferograms illustrate the behavior of the cavity length and
fringe visibility as the molten aluminum is poured and solidifies. As the aluminum is poured, the interferogram shows the formation of the second reflector
and the optical cavity. During solidification, the shrinking aluminum pulls away from the fiber end face, increasing the gap and causing a decrease in the FSR
and fringe visibility.

Fig. 9. Real-time cavity length measurements from both EFPIs and calculation of total shrinkage. (a) EFPI-1 and EFPI-2 showed a change of 105.159 and
254.694 µm from the beginning of the experiment to 60 min. The zoom-in plot was demonstrated the first minute of gap measurement during the aluminum
solidification. (b) Total shrinkage, excluding the initial offset, was estimated to be approximately 360 µm. The zoom-in plot showed the first minute of
shrinkage during the solidification process.

heat coefficient and aluminum shrinkage process, ultimately
improving the quality of the casting process. With this level of
accuracy, it is now possible to make more informed decisions
about the casting process, leading to better outcomes in terms
of product quality and reduced waste.

The temperature profiles in the mold cavity region were
analyzed using RBS data, providing insights into the heat
transfer dynamics during the casting process. Fig. 10 illustrates
the spatial temperature profiles over time, revealing notable
observations. Initially, upon pouring the molten aluminum
into the mold, the maximum temperature was observed in the

cavity region due to rapid heat transfer from the aluminum.
As time progressed, the mold wall gradually heated up,
resulting in a slower temperature increase in the cavity region.
Interestingly, after approximately 6 min, the mold wall and
cavity temperatures approached similar values, as indicated by
the RBS data. This convergence suggests that the heat transfer
from the aluminum to the mold was nearing completion, and
the mold had achieved thermal equilibrium. This thermal equi-
librium is critical for ensuring the production of high-quality
cast products, as it facilitates uniform temperature distribution
and consistent solidification throughout the mold.
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Fig. 10. Distributed temperature measurements using RBS for different time periods during the molten aluminum casting process. The graph displays the
temperature distribution across the mold cavity region at multiple time intervals, offering a comprehensive visualization of the spatial temperature profiles
during the casting process.

Fig. 11. Comparison of temperature measurements between the optical
fiber (blue) and the thermocouple (orange) during the initial 50 s of mea-
surement. The temperature profiles from both devices closely align (except
for an interesting lag, see text), demonstrating the accuracy of the optical fiber
measurement.

The temperature profiles across the interface between the
molten aluminum and the mold walls during the casting
process were crucial to understanding the thermal behavior.
The temperature data obtained from the optical fiber and
thermocouple were processed and compared, as shown in
Fig. 11. The comparison of the temperature readings allowed
for an assessment of the accuracy and performance of the
optical fiber measurement relative to the thermocouple. The
temperature data from both devices exhibited close matching
values, indicating that both the optical fiber and thermocou-
ple accurately measured temperature. However, a slight lag
was observed in the initial part of the temperature curves,
suggesting that the optical fiber had a slightly faster thermal
response compared to the thermocouple. This difference can
be attributed to the varying thermal masses of the two devices.
The thermocouple, with its larger thermal mass, required more
time to respond to temperature changes, leading to a delay
in the temperature readings compared to the optical fiber.
As both devices reached thermal equilibrium, the temperature

Fig. 12. Waterfall plot of spatiotemporal temperature data measured using
fiber-optic sensor technology during an aluminum casting process. The plot
represents a 3-D profile of temperature variations obtained from a 25.4 mm
mold cavity, with measurements taken by an optical fiber starting from the
moment the liquid metal was poured into the mold. The plot showcases the
temperature distribution over both space and time, with a spatial resolution
of 0.65 mm and a temporal resolution of 0.1 s.

data exhibited a close match, demonstrating that both the
thermocouple and optical fiber were capable of monitoring
temperature in a dynamic environment. The consistency of
the temperature data further confirmed the accuracy of the
optical fiber measurement, indicating its potential as a reliable
alternative to thermocouples for temperature monitoring in
certain applications.

A comprehensive analysis of the temperature behavior
during the entire experiment was performed by generating
a detailed waterfall plot using the temperature distribution
data measured by the optical fiber in the 25.42 mm mold
cavity. Fig. 12 displays this waterfall plot, presenting the data
acquired from the OFDR system with a spatial resolution of
0.65 mm and a temporal resolution of 0.1 s. The analysis of the
plot revealed important insights into the temperature changes
throughout the casting process. At the beginning of the plot,
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a sudden jump in temperature was observed, indicating the
moment when the molten aluminum was poured into the
mold. Subsequently, a gradual decrease in temperature was
observed as the aluminum transferred its heat to the mold.
Notably, the plot highlighted uniform temperature arrests
at 615 ◦C and 568 ◦C, corresponding to the primary and
eutectic solidification stages of A356 aluminum. The end of
the eutectic arrest marked the completion of the solidification
process. Another significant observation from the plot was the
variation in total solidification times across different locations
within the mold. As anticipated, the total solidification times
were shorter closer to the mold wall compared to the center
of the casting. This valuable information can be utilized to
optimize the cooling rate of the casting, ensuring a uniform
and high-quality solidification process. The use of optical fiber
technology for monitoring temperature profiles has proven
to be an indispensable tool in ensuring the production of
high-quality aluminum castings.

V. CONCLUSION

The results of this study have significant implications for the
steelmaking industry, particularly in the context of aluminum
casting processes. By successfully applying novel fiber-optic
sensors to measure real-time mold gaps and thermal spatial
profiles during the solidification of A356 aluminum, we have
gained valuable insights into the heat transfer and cooling
dynamics of the casting. The ability to monitor the gap
between the mold wall and the casting surface using EFPI
sensors provides crucial information for optimizing the casting
process and ensuring the quality of the final product. The inno-
vative use of molten metal as the second reflection interface
for gap measurements, with a remarkably low measurement
error of 2 µm, is a noteworthy contribution of this study. This
approach offers a practical and accurate method for monitoring
and controlling the gap evolution during solidification, which
is essential for achieving uniform cooling and minimizing
defects in the castings. Furthermore, the application of the
RBS technique for real-time temperature measurements with
a high spatial resolution of 0.65 mm provides detailed and
precise data on interfacial heat transfer. This information is
crucial for understanding the thermal behavior of the cast-
ing during solidification and optimizing the casting process
parameters. By leveraging fiber-optic sensors, we can obtain
accurate temperature profiles, enabling us to refine computer
models of the casting process and improve our ability to
predict and control solidification behavior. The practicality of
using fiber-optic sensors in casting processes is demonstrated
by the design of the mold system with unheated, uncoated tool
steel. This design allows for easy installation of the optical
fiber sensors, making it feasible to incorporate these sensors
into existing casting setups without major modifications. The
versatility and non-intrusive nature of fiber-optic sensors make
them an attractive option for real-time monitoring of tempera-
ture and gap evolution in various casting processes, potentially
revolutionizing the way we approach casting technology. Over-
all, the measured results obtained through the application of
fiber-optic sensors provide a deeper understanding of interfa-
cial heat transfer and solidification dynamics during aluminum

casting. This understanding translates not only to improved
aluminum casting processes but also has broader implications
for the steelmaking industry. The knowledge gained from this
study can be applied to develop improved casting technologies,
optimize process parameters, enhance product quality and
consistency, and even facilitate the production of previously
incompatible alloys. By harnessing the power of fiber-optic
sensors, we can advance the field of steelmaking and drive
innovation in the manufacturing of high-quality cast products.
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