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Real-Time Air Gap and Thickness Measurement of
Continuous Caster Mold Flux by Extrinsic

Fabry–Perot Interferometer
Abhishek Prakash Hungund , Hanok Tekle , Bohong Zhang , Member, IEEE, Ronald J. O’Malley ,

Jeffrey D. Smith , Rex E. Gerald, II , and Jie Huang , Senior Member, IEEE

Abstract— Mold Flux plays a critical role in the continuous
casting of steel. Along with many other functions, the mold flux
in the gap between the solidifying steel shell and the mold serves
as a medium for controlling heat transfer and as a barrier to
prevent the shell from sticking to the mold. This manuscript
introduces a novel method of monitoring the structural features
of a mold flux film in real time in a simulated mold gap.
A three-part stainless-steel mold was designed with a 2, 4,
and 6 mm step profile to contain mold flux films of varying
thickness. An extrinsic Fabry–Perot interferometer (EFPI) was
installed at each of the three steps in the mold. Mold flux
was melted in a graphite crucible at 1400 ◦C and poured into
the instrumented step mold for analysis. Interferograms from
the three EFPIs were acquired and processed in real time to
measure the air gap and thickness of each flux film during
solidification. Measurements were performed on two different
mold flux compositions. Results demonstrate that the proposed
system successfully records structural features of the flux film
in real time during cooling. It has a large real-time impact on
the process control of steel making and optimizing the quality
of steel castings. In addition, the measurement method has the
potential to monitor crystal nucleation and growth in a variety
of crystallizing glass systems.

Index Terms— Air gap, basicity, extrinsic Fabry–Perot interfer-
ometer (EFPI), interferogram, mold flux, real-time measurement,
single-mode fiber (SMF), thickness measurement.

I. INTRODUCTION

MOLD flux is an engineered calcium silicon oxyfluoride
glass that is designed with a target viscosity and crys-

tallization behavior for use as a lubricant in the continuous
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casting process. Mold flux is often spray dried and carbon
coated to control its melting behavior in the mold [1], and
a liquid layer of the flux develops on the steel surface and
then enters the mold gap around the mold perimeter. Mold
flux has several functions, such as protection of molten steel
from oxidation [2], heat removal control during initial steel
shell formation [3], absorption of nonmetallic inclusions [4],
lubrication of the solidifying steel strands during extraction,
and thermal insulation [5]. If the mold flux has a high degree
of crystallinity, the steel shell that exits the mold can be
excessively thin, leading to shell bulging due to the shell’s
inability to withstand the ferrostatic pressure of the internal
molten steel [6]; furthermore, during the casting process, mold
flux aids in the absorption of nonmetallic inclusions in steel
[7], and as such, the flux can experience composition changes
that affect flux viscosity and crystallization behavior. Studying
the structural properties of mold flux in mold gap can provide
new insights into the prevailing flux film heat transfer, mold
interface contact resistance, and their links to crystallization
behavior. An efficient way of measuring air gap and flux film
thickness for several continuous casting mold fluxes during
cooling and solidification is presented in this research.

Crystallization is defined as the process by which a liquid
or short-range order glass transforms to an ordered crys-
tal structure, such that the overall energy of the system is
minimized [8], [9], [10]. Nucleation occurs at the onset of
crystallization when the atoms or molecules of molten flux
arrange themselves to form crystals of a critical size to support
thermodynamically stable growth [11]. The nucleation rate is
important in determining crystalline structure and grain size
[12] in the flux film. In the continuous casting process, the
liquid flux enters the mold gap at the mold perimeter, and the
portion of the flux that contacts the mold is rapidly cooled
to form a glass. The molten flux undergoes a wide range of
cooling conditions under which crystallization is promoted,
and crystal nuclei will form and grow. While the flux nearest
to the hot steel remains liquid, other parts of the flux film
exhibit a range of cooling conditions that can either promote
direct crystal formation from the liquid or crystallization from
the glass. This process is difficult to study, making EFPI a
great candidate for the proposed sensor solution [13]. The flux
also undergoes thermal contraction as it cools, which results
in shrinkage [14]. Shrinkage can cause the flux to pull away
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from the mold wall, increasing resistance to heat flow at the
interface. Cracks can also form in the flux film as it contracts
if the surface of the mold becomes too rigid to accommodate
internal shrinkage [15]. The overall flux film thickness and the
thickness of the air gap between the flux film and the mold
wall are a consequence of this shrinkage.

Several methods have been used in heat transfer simulations
of the continuous casting mold to predict or calculate the flux
film air gap and thickness during molten flux solidification
[16], [17]; however, to date, air gap and flux thickness have not
been measured in situ during flux solidification, and instead,
flux film surface roughness, thickness, and temperature profile
measurements across mold gap have been used to estimate
these parameters. The mold flux serves several primary func-
tions in the continuous casting of the steel, as discussed earlier.
Hence, measurements of the air gap and flux film thickness are
relevant because they provide information that directly impacts
the quality of steel being manufactured. Mold fluxes exhibit
both glassy and crystalline phases during cooling [18]. For
this reason, it is important to understand the effects of these
structures on interfacial gap development and mold flux film
thickness and their relationships to mold heal removal.

In the steel casting industries, various methods have been
adopted to measure air gap and slab thickness to enhance the
yield and casting quality. Conduction-based sensors provide
a direct method for gauging the interfacial heat transfer
coefficient (IHTC) by capturing heat transfer, predominantly
through conduction, facilitating air gap estimations [19].
The results obtained by this method are only an estimation
and may not be accurate. The linear variable differential
transformer (LVDT) method and its variants have also been
used to measure the air gaps during steel solidification [20].
Another capacitive multipoint electronic probe was reported
to measure the air gap between mold and metal during
solidification [21]. These types of electronic sensors are
susceptible to electromagnetic interference (EMI) and the
metal housings of the sensors will expand when they are in
proximity to high temperatures, which can result in erroneous
measurements.

Fiber-optics are very suitable for highly sensitive mea-
surements [22], [23], [24]. They have several advantages,
including electromagnetic immunity, lightweight, flexibility,
and compact size [25], [26], [27], [28], [29]. They are also
capable of multiplexed and distributed measurement where
continuous physical quantity mapping is required, such as tem-
perature and strain [30], [31]. Fiber-optic sensors can detect
optical path differences as small as 1 nm when configured as
interferometers [32]. In this research, an Extrinsic Fabry–Perot
Interferometer (EFPI) is used as a point sensor for air gap
measurements. The fiber-optic EFPI system is immune to
EMI [33] and can be designed in a highly compact manner
[34]. It has high sensitivity making it suitable to detect small
changes in the air gap [35]. The EFPI sensors are suitable
for high-temperature environments. For example, EFPI sensors
made from sapphire fibers can withstand up to 2050 ◦C [36].
The EFPI sensors that employ silica fibers do not suffer
from thermal expansion mismatch [37]. The EFPI sensor can
detect reflections from multiple reflective interfaces within a

nonopaque material through modulated interferometry [38],
which makes it very suitable for the present application.

It is necessary to periodically tune the optical wavelength
of the source with a wide wavelength band for mold flux
applications. Hence, it is tuned through a relatively large range,
such as ∼100 nm, at a sweep rate of 10 or 100 Hz [39]. This
cannot be performed using a conventional tunable laser source.
A swept laser operates by rapidly changing the instantaneous
frequency of the laser output, which is extensively used to
interrogate fiber-optic sensors [39], [40] such as in measuring
temperature and strain from Fiber Bragg Grating (FBG) sen-
sors [41]. It is also used in EFPI interrogation for acoustics
[42] and refractive index [43] sensing.

To summarize, three EFPIs were instrumented and installed
in a three-part custom designed mold. The sensors were
connected to a wide wavelength band optical interrogator with
a swept laser source and an enhanced photodetection module.
Data acquisition software was developed in LabVIEW using
in-house designed real-time air gap and thickness estimation
algorithms. The flux sample was heated and melted in a fur-
nace and then poured into the three-part mold. The measured
EFPI signals were used to document and analyze solidification
and shrinkage phenomena in two different flux samples.

II. SENSOR, MOLD DESIGN, AND EXPERIMENTAL SETUP

A. Sensor Design

Three EFPIs were instrumented in a very simple man-
ner. A single-mode fiber was cleaved and inserted into a
stainless-steel ferrule having an outer diameter of 1.25 mm.
The hole in the stainless-steel ferrule had an inner diameter
of 127 µm, which holds the SMF with a cleaved end face.
The fiber end face was not flush with the end of the ferrule.
This was done intentionally to have an internal offset such
that the point at which molten flux starts to solidify can
be clearly detected and to prevent direct contact of molten
flux with the fiber end face. Care was taken to ensure that
the internal offset did not exceed 200 µm, which would
have adversely affected the quality of the measurement. The
instrumentation of the EFPI is shown in Fig. 1. The air gap
and thickness measurement from the fabricated EFPI sensor
are not affected by the thermal expansion of the SMF and
stainless-steel ferrule. This is because the SMF expands in a
longitudinally opposite direction of the EFPI cavity in such
a way that the end face of the fiber, i.e., the first reflector
of EFPI, remains in the initial position. The EFPI sensor
designed in Fig. 1(a) includes a cleaved SMF inserted into a
stainless-steel ferrule with an internal offset for air gap and
thickness measurements. The fabrication of the sensor and
the setup for measuring the internal offset for gap calibration
employing a reflective surface are shown in Fig. 1(b).

Table I shows the offset or the distance by which the cleaved
end face of the SMF is inset from the stainless-steel ferrule’s
hole. Three EFPIs were instrumented, and they were calibrated
using a highly reflective magnetic surface for measuring
the internal offsets. This is done to prevent penetration of
molten flux samples into the sensor. These distances do not
interfere with the measurement as they are compensated for
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Fig. 1. Instrumentation of EFPI sensor. (a) EFPI sensor design. (b) Photo-
graph of actual fabricated EFPI sensor and gap calibration setup.

TABLE I
EFPI INTERNAL OFFSETS

the real-time determination of thickness and air gap. The
point gap sensor is a single-mode fiber of 1550BHP–0.13 NA
(numerical aperture), having an operating wavelength range of
1460–1620 nm. The fiber had a diameter of 125 µm and was
protected by an FT900W polymer tubing.

B. Mold Design and Instrumentation

A three-part mold was designed for the purpose of measur-
ing the air gap and thickness of molten mold flux. For ease of
EFPI installation, the mold was designed to have three parts,
as shown in Fig. 2. The front plate of the mold was designed to
have an opening at the bottom. This allows the molten mold
flux sample to flow through the mold with minimal friction
and simultaneously have contact with all three-step profiles of
the mold.

The front component is a plane wall, which has a smooth
finish for good reflection from which light from the EFPIs are
reflected. The design and dimensions are shown in Fig. 3(a).
The back component of the mold is split into two parts, having
step profiles of 2, 4, and 6 mm. The design dimensions are
shown in Fig. 3(b) and (c). These two mold parts have grooves
in the center such that, when they are joined, they form holes
of 1.27 mm inner diameter while retaining the step profile. The
holes are used to house and clamp the EFPI ferrules containing
the SMF. The EFPIs were installed in the grooves on the left
side of the back component with cyanoacrylate adhesive.

Fig. 2. Mold design and specifications. This figure illustrates the design
of a three-part mold used for mold flux analysis. It has a dimension of
(110 × 45 × 45) mm when combined.

Fig. 3. Three-dimensional model of flux mold with illustrated dimensions.
(a) Front component. (b) Left half of back component. (c) Right half of back
component.

The back components of the mold and air gap sensors after
EFPI installation from which the step profile can be observed
in Fig. 4(a). The front component of the mold is bolted to the
back components after EFPI installation, such that the wall
is facing the sensor, as shown in Fig. 4(b). Fig. 4(c) shows
the top view of the mold setup where the synthetic molten
flux sample is poured. The SMF cables are shielded with
stainless-steel tubing for protection from high temperatures,
as shown in Fig. 4(d). The right side of the back component
was combined with the opposite half of the mold to provide an
enclosure and to affix the ferrules in place. Both parts of the
back component were held together with bolts. The front mold
component was placed in contact with the back components
such that all the EFPIs were exactly perpendicular to the wall.
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Fig. 4. Flux mold with EFPI sensors installed, including shielding. (a) Back
part of the mold with instrumented EFPIs. (b) Complete mold setup–front
view. (c) Complete mold setup–top view. (d) Stainless steel tube shielding of
the SMF cables.

The fibers extending from the EFPI sensors were protected
by a thin stainless-steel tube that protruded from the back
of the mold. The mold is shown after the installation of the
EFPIs in Fig. 4. The stainless-steel tubes are firmly attached
to the back of the mold by means of a high-temperature
adhesive, which was cured with a torch. The sensors were then
connected to an optical interrogator controlled by a computer.

C. Experimental Setup

The experimental setup shown in Fig. 5 consists of the
instrumented mold, optical interrogator, computer to acquire
data from the optical interrogator, heating furnace with tem-
perature controller and graphite crucible in which powdered
mold flux was poured. First, the instrumented mold was placed
on a firm stable platform with the stainless-steel tubes covered
by heat resistant material. The single-mode fibers of the three
EFPIs were connected to a Micrometer-Optics Hyperion SI-
255 enhanced visibility optical interrogator. The Hyperion
SI-255 is a 16-channel optical instrument with a swept laser
operating at a 10 Hz sweeping rate. It has a very broad
wavelength band of 160 nm, from 1460 to 1620 nm.

An empty graphite crucible was preheated to 1400 ◦C in
the furnace. A granular mold flux sample was poured into the
graphite crucible and placed in the furnace. The flux sample
was then melted at 1400 ◦C in the furnace. At this point,
the data acquisition was initiated on the computer connected
to Hyperion SI-255. The graphite crucible with molten flux
sample was quickly removed from the furnace and poured into

Fig. 5. Experimental setup for measuring air gap and thickness of synthetic
mold flux employing real-time acquisition of an optical interferogram.

the instrumented mold. As the sample started to crystallize and
solidify, there were multiple cavities formed between the fiber
end face inside the stainless-steel ferrule and the interior part
of front component of the mold wall, resulting in complex
interference pattern. This resulted in an interferogram with
varying free spectral range (FSR) measured by the Hyperion
SI-255. This spectrum was processed in real time to obtain the
structural features of the flux during cooling and solidification
of the flux. An FFT of the spectrum was obtained to identify
the different cavity reflections in the system.

D. Measurement Theory

As soon as the molten flux was poured into the mold,
it started to solidify and shrink. The resulting shrinkage
caused an air gap to form between the EFPI sensor and the
flux surface facing the EFPI. A second reflection was also
sometimes observed from the opposite wall, depending on its
distance across the mold cavity and the transparency of the
flux film. As flux solidification progresses, several reflectors
begin to form within the flux, which can be represented
as R = R1, R2, . . . , Rn . These reflections are due to the
formation of air bubbles, which result from the inadequate
mixing, excessive turbulence, and trapped gases within the
mold flux in continuous casting. This phenomenon is time and
temperature dependent. The measurement was performed for
a period of ∼5 min to keep consistency across both samples.
Additionally, crystallinity of the mold flux is dependent on its
chemistry [44], [45]. Hence, two different flux samples were
tested. An example of the multiple reflections that can form
during solidification of the mold flux is depicted in Fig. 6. The
flux shrinks due to crystallization and solidification resulting
in an air gap. Multiple reflectors form within the flux due to
entrapment of air bubbles, which facilitate the analysis of the
flux material. Reflectors R2 and R3 can be used to determine
the flux thickness.
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Fig. 6. Measurement of air gap and thickness of flux undergoing crystal-
lization and solidification.

Shrinkage from the back side of the mold is significantly
larger than the shrinkage from the front side. This is due to
more rapid heat loss from the back of the mold due to the
mold wall thickness. Thus, shrinkage from the back of the
mold dominates air gap formation. The light intensity reflected
from the air gap Rag formed by the cavity due to reflectors
(R1, R3) is given by

Rag = R1 + R3 + 2
√

R1 R3 cos
[
1ϕag + ϕ0

]
(1)

where ϕag is the phase difference due to the cavity length lag
of the air gap given as follows and ϕ0 is the initial phase:

1ϕag =
4π1

(
nalag

)
λm

(2)

where λm is the wavelength of the source and na =∼ 1 is the
refractive index of air. Similarly, the light intensity reflected
by the total mold gap with molten flux inside is given by an
equation obtained from fast Fourier transform (FFT) analysis
of the modulated interferogram

Rmg = R1 + R2 + 2
√

R1 R2 cos
[
1ϕmg + ϕ0

]
(3)

where Rmg is light intensity reflected by the mold gap,
as shown in Fig. 6, which is between reflectors (R1, R2) and
ϕmg is the phase difference due to the cavity length lmg between
the reflectors (R1, R2) given by

1ϕmg =
4π1

(
nglmg

)
λm

(4)

where ng is the group refractive index of the molten mold flux
and air gap. The light intensity reflected from the mold flux
sample, i.e., between the reflectors (R3, R2) can be expressed
by the following equation:

R f = R3 + R2 + 2
√

R3 R2 cos
[
1ϕ f + ϕ0

]
(5)

where R f is light intensity reflected only by the mold flux
shown in Fig. 6. The corresponding phase change can be
represented by the expression

1ϕ f =
4π1

(
n f l f

)
λm

(6)

where ϕ f is the phase difference due to the cavity length
l f between the reflectors (R3, R2) and n f =∼ 1.52 is the
refractive index of the mold flux, which is assumed to be

constant throughout. The optical path length (nglmg) in (4)
is given by

nglmg = nalag + n f l f . (7)

The thickness of flux l f or T can be estimated by rewriting
(7) as

T = l f =
nglmg − lag

n f
. (8)

The distance of air bubbles within flux from the EFPI sensor
or flux surface can be calculated, as the flux undergoes
solidification. As shown in the Fig. 6, when reflector R4 is
formed, another cavity with reflectors (R1, R4) manifests. The
light intensity reflected from this cavity is given as

Rc = R1 + R4 + 2
√

R1 R4 cos[1ϕc + ϕ0] (9)

where Rc is the reflected light intensity, which can be obtained
from FFT of modulated spectrum and ϕc is the phase differ-
ence due to the cavity length variation from reflector R4. This
cavity length lc can be calculated by

1ϕc =
4π1

(
nglc

)
λm

(10)

where lc is the distance of the air bubble within flux from
the EFPI sensor or mold wall, as shown in Fig. 6 and ng is
the group refractive index of air gap and the flux film. The
time varying air gap, thickness of the flux and distance of air
bubble within flux from the EFPI sensor can be measured in
real time and example results are included in Section IV-A.
The temperature dependent crosstalk for both air gap and
flux thickness measurement can be expressed by the following
equation:

1(nl) = (nl)αc1T (11)

where αc is the co-efficient of thermal expansion of silica =

0.55e − 6 C◦−1 and 1T is the temperature during solidifica-
tion.

III. SPECTRUM ACQUISITION AND DATA PROCESSING

A. Data Acquisition and Processing

An interferogram is acquired by the Micrometer-Optics
Hyperion SI-255 optical broadband interrogator. At each time
interval, an interferogram of 20 000 points is obtained having
a wavelength band of 1460–1620 nm. This spectrum was
fed to an in-house developed low-finesse EFPI demodula-
tion algorithm to estimate the air gap in real time. Data
were acquired for 330 s (∼5 min) on average for two flux
evaluations. FFT of the spectra was obtained from which
multiple peaks were identified near the shorter and longer
optical lengths. This indicates the presence of several trapped
air bubbles within the flux separate from the air gap. The
largest FFT peak after dc component corresponds to the air
gap. The subsequent peaks next to the air gap peak correspond
to the reflections from within the flux due to the trapped air
bubbles. The dc component of the FFT signal is the dc offset
(always real for a real signal) that pertains to the 0 µm optical
path length. The right-most peak corresponds to the reflection
from the opposite mold wall.
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Fig. 7. Data acquisition and data processing flowchart for air gap and
thickness measurements.

The spectrum is acquired by the optical interrogator, which
is controlled by a data acquisition laptop. No additional
filtering is used as the high-frequency components from the
spectrum are required to obtain information from inside the
flux sample. The spectrum is processed to obtain an FFT
signal. The right-most peak in the FFT corresponding to the
longest optical length is considered from which a new spec-
trum is constructed and processed with the EFPI demodulation
algorithm. The distance from the EFPI sensor to the opposite
end of the flux is measured and subtracting the air gap provides
the thickness of the mold flux. The distance of trapped air
bubbles within flux from EFPI sensor is measured in a similar
fashion. The data acquisition and processing flow is shown
in Fig. 7. It uses the in-house developed low-finesse EFPI
demodulation algorithm to determine the air gap and thickness.

B. Low-Finesse EFPI Demodulation Algorithm

Using (2), (4), and (8), the respective cavity lengths can
be estimated; however, directly doing so will result in very
poor resolution for larger cavity lengths. This means that the
effective measurement range of the EFPI system becomes less
accurate. To extend this measurement range to larger distances,
an advanced signal processing method involving zero crossing
and spectrum reconstruction is used. The EFPI demodulation
flowchart is included in Fig. 8. This algorithm can achieve
cavity length that was measured with high resolution (∼1 nm)

Fig. 8. Low-Finesse EFPI demodulation algorithm flowchart to determine
air gap from the interferogram.

in the laboratory environment. This is possible only on an
optical table and with a perfect external reflector such as
a silicon wafer. But the algorithm performs reasonably well
in an environment with disturbances and gives a reasonable
resolution of 0.1 µm ± 10 nm when determining cavity length.
This makes it quite suitable to measure the structural features
of the mold flux in real time. The code for this algorithm was
developed in the LabVIEW tool.

This sub-VI was used as a function call in the main real-time
data acquisition program developed in LabVIEW. It takes in
the interferogram at any time instant as an input argument and
performs filtering and optimization with wavelet detrending.
As shown in Fig. 8, the spectrum was normalized, and
zero-crossing detection was performed. A two-step demodu-
lation process with zero crossing signal analysis is performed
and the spectrum is reconstructed for accurate determination
of the air gap. For determining thickness, an algorithm was
used to estimate the mold gap from the FFT spectra, which
was subtracted from the air gap. This two-step demodulation
process involved the computation of FSR values, which are
used to calculate an approximate mean cavity length. Then this
cavity length is inversely computed to obtain a singular FSR
from which the interferogram is reconstructed. Zero-crossing
detection was performed again on the reconstructed spectrum.
This spectrum reconstruction eliminates the phase noise from
the signal, yielding a constant FSR value from which accurate
cavity length can be determined in real time.
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Fig. 9. Optical microscope image of H2-9 flux sample after solidification.

IV. RESULTS AND DISCUSSIONS

Experiments were performed by pouring the molten flux
at 1400 ◦C into the instrumented mold at room temperature.
The point gap sensors installed in the mold measured the
air gap between the mold wall and shrinking flux, as well
as flux thickness due to the formation of an extrinsic EFPI.
The formation of multiple reflectors in the EFPI, as shown in
Fig. 6, gives a modulated interferogram that is captured by the
EFPI sensors dynamically as the flux undergoes solidification.
After the mold flux solidifies completely, a stable modulated
interferogram is observed, which suggests that the flux film’s
air gap and thickness reaches a steady state fairly rapidly. The
solidified flux sample is shown in Fig. 9, from which it can
be observed that the flux sample is translucent. The coloring
of the flux film sample after solidification is dependent on its
basicity and composition [44], [45].

The flux sample in Fig. 9 is translucent in appearance due
to the overall composition. The flux basicity can influence
the amount of bubble formation. During solidification, the air
bubbles get trapped within the flux near the mold edges, which
results in the modulation of the interferogram.

A. Interferogram

Interferograms acquired from the three EFPIs installed in
the mold are shown in Fig. 10(a) and (b) for both trials. The
corresponding FFT spectra are shown in Fig. 10(c) for the near
side and Fig. 10(d) for the far side of the mold. Each mold step
where the mold flux solidifies has a different reflectivity. This
is the reason for the changing fringe visibility in each step
of the mold. Spectra recorded 2 min after the pour for each
experimental trial are shown in Fig. 10, with the corresponding
FFT signal. The measured spectra are modulated indicating
multiple reflectors being formed in the flux.

Interferograms from each mold flux experiment are pre-
sented only for the bottom EFPI, as the optical interrogator’s
maximum measurement range is limited to 3.5 mm, which is
exceeded by middle (4 mm) and top (6 mm) step EFPI sensors
in the mold.

Before flux was poured into the mold gap, the bottom EFPI
interferogram shown in Fig. 11(a) was acquired. The parabolic

Fig. 10. Interferogram for solidification of mold flux samples. (a) Interfer-
ogram for H2-7 flux. (b) Interferogram for H2-9 flux. (c) FFT of flux film
near EFPI side. (d) FFT of flux film opposite EFPI side.

trend of the full interferogram is due to the signature of the
swept laser from the Hyperion SI-255 optical interrogator.
The modulation of this spectrum is shown in Fig. 11(b)
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Fig. 11. Bottom EFPI spectrum before the molten flux was poured into
the mold. (a) Spectrum before flux pour. (b) Spectrum between 1550 and
1590 nm. (c) FFT of the spectrum in (a), between 0 and 3500 µm.

Fig. 12. Bottom EFPI spectrum at the instance when molten flux was poured
into the mold. (a) Spectrum at time of flux pour. (b) Spectrum between
1525 and 1555 nm. (c) FFT of the spectrum in (a), between 0 and 4000
µm.

between wavelengths 1550 and 1590 nm for the reflection
of light from the interior of the opposite wall of the mold.
This interferogram yields a total mold gap measurement of
∼2 mm for the bottom EFPI sensor. The FFT of this spectrum
with respect to optical length in µm is shown in Fig. 11(c),
which shows a peak after the dc component at 2130 µm. This
matches the physical length of the mold gap. The changes
observed in the measured spectra for the bottom EFPI during
flux solidification and shrinkage will now be discussed.

When the flux sample is poured into the mold, the bottom
EFPI acquired spectrum is, as shown in Fig. 12(a). This
is due to the mold gap getting filled with the molten flux;
however, the EFPI demodulation algorithm with its advanced
signal processing capability, estimates the air gap accurately.
In Fig. 12(b), the spectrum is expanded between wavelengths
1525 and 1555 nm. The spectrum appears modulated due to

Fig. 13. Bottom EFPI spectrum acquired four seconds after molten flux was
poured into the mold. (a) Spectrum during flux solidification. (b) Spectrum
between 1569 and 1600 nm. (c) FFT of the spectrum in (a), between 0 and
4000 µm.

reflections from the interior of the flux film and the opposite
mold wall. The FFT result for this spectrum is shown in
Fig. 12(c). From this, it is observed that the air gap forms
almost instantly. The short peak at 106.89 µm in the FFT
signal corresponds to the air gap, which is formed due to the
rapid pullaway of the flux film from the mold wall. The peak
at 2130 µm observed in Fig. 11(c), moves away to ∼3300 µm
and becomes broader, as shown in Fig. 12(c). This is the
optical path change due to the change in refractive index from
air (∼1) to flux (∼1.52). The peak is broad because of the
reflections from multiple air bubbles within the flux near the
edge of the solidified flux.

The interferogram acquired 4 s after pouring the molten
flux sample into the mold is shown in Fig. 13(a). The peak
and valley regions of this spectrum appear to be thicker.
From this, it can be inferred that the modulated spectrum
has high-frequency components that vary slightly with time.
This means that there are multiple reflectors being formed
within the flux material. This is evident by observing the
signal between 1569 and 1600 nm, as shown in Fig. 13(b).
The interferogram was processed to obtain the FFT, as shown
in Fig. 13(c). Multiple evolving peaks were observed in this
FFT signal as the solidification progressed. The large peak
at the right side of the dc component corresponds to the
total air gap between the mold wall and mold flux sample
undergoing solidification. Smaller peaks neighboring the air
gap peak correspond to the reflection from the trapped air
bubble at ∼400 µm being formed within the flux material. The
FFT signal between 3000 and 4000 µm consists of multiple
peaks. The last peak toward the right side corresponds to
the reflection from the interior of the front component of the
mold wall and the remaining peaks are due to reflections from
trapped air bubbles within the flux close to the edge.

The interferogram shown in Fig. 14(a) was acquired after
the mold flux completely solidified. It appears thicker than
the interferogram shown in Fig. 13(a). At this time, the flux
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Fig. 14. Bottom EFPI spectrum acquired after solidification of molten mold
flux in the mold. (a) Spectrum after flux shrinkage. (b) Spectrum between
1480 and 1510 nm. (c) FFT of the spectrum in (a), between 0 and 4000 µm.

TABLE II
MOLD FLUX COMPOSITION

film has cooled to the temperature of the mold and has
undergone shrinkage. The spectrum remains stable after the
solidification process. The high-frequency modulations in the
spectrum shown in Fig. 14(b) expanded between wavelengths
1480 and 1510 nm remain stable and do not evolve further.
From the FFT of the interferogram shown in Fig. 14(c), it can
be observed that all the peaks after dc component have shifted
slightly toward the right, i.e., increased in optical length. The
peaks have also increased in terms of reflected power because
of the transparency of the flux sample. The peaks observed in
the FFT for the acquired interferogram are used to determine
the thickness and location of trapped air bubbles as discussed
in the measurement theory section.

Each flux material composition in (wt.%) ratio is given in
this table along with basicity information in Table II. To get
the modified basicity of H2-7, aluminum oxide content was
varied and balanced with silica. For H2-9, silica was varied and
balanced with calcium oxide maintaining constant aluminum
oxide content. Molten flux samples are relatively viscous (0.5–
0.4 Poise), which makes filling difficult in small gaps such as
2 mm. The viscosity of flux sample is reduced by increasing
the basicity of the material. The basicity and composition of

Fig. 15. Air gap or cavity length estimated in real time by the low-finesse
EFPI demodulation algorithm. (a) H2-7 flux sample air gap trial-1. (b) H2-7
flux sample air gap trial-2. (c) H2-9 flux sample air gap.

flux samples used in this experiment are included in Table II.
The information in the table is in percentage weight ratio.

B. Air Gap Measurement

The air gap measurement is obtained directly by processing
the interferogram using the low-finesse EFPI demodulation
algorithm as it is a low-frequency signal demodulation.
It ignores the higher frequencies in the case where the interfer-
ogram is modulated. The insets in Fig. 15 show the first 100 s
of the air gap measurement, which involves the solidification
process. Two trials of H2-7 flux solidification are reported
to demonstrate measurement repeatability. Phenomena such
as crack formation and propagation can be seen. Cracking is
due to the release of internal stresses built up from the fast
quenching of the molten mold flux.

The top and middle EFPI signal measurement is not very
clear before the pour in each trial as the step profile’s mold
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TABLE III
AIR GAP AFTER FLUX SOLIDIFICATION

Fig. 16. Cracking observed during solidification of H2-9 flux film sample.

gap is 4 and 6 mm at these sensor locations. This is beyond
the measurement capability of the optical interrogator, which
is evident for the top EFPI in the FFT spectra shown in
Fig. 10(d). Hence, only the bottom EFPI shall be considered
for the thickness estimation. The air gaps are calculated
according to (2) in the measurement theory section. The air
gap plots shown in Fig. 15 have spikes at certain times, for
example in Fig. 15(a) between 70 and 80 s. This is due
to the cracking of mold flux film inside the mold due to
stresses that develop during rapid cooling of the flux film.
The air gap measurements gradually became stable after the
molten flux started to solidify. Gap measurements ultimately
reached the values shown in Table III. At the time of pouring,
the cavity lengths measured are approximately equal to the
internal offsets shown in Table I. As the flux samples solidify
and shrink, the air gaps gradually reach the values shown
here. When the mold flux basicity was high, slight temperature
differences induced the cracking, which was observed in
Fig. 15(c).

The cracking phenomenon of H2-9 flux was evident from
150 s of top EFPI’s measurement. The cracks formed during
solidification are shown in Fig. 16. The solidifying flux
sample mechanically vibrates during crack formation, which
leads to air gap measurements with a noisy appearance. The
effects of cracking can be minimized by preheating the mold
prior to conducting the experiment. This way the window of

Fig. 17. FFT peak from which the spectrum is reconstructed for mold gap
estimation through the flux medium.

Fig. 18. Mold gaps measured for each flux sample during solidification.
(a) Mold gap measured through H2-7 flux for two different trials. (b) Mold
gap measured through H2-9 flux.

measurement can also be extended as the flux crystallization
period is prolonged.

C. Thickness Measurement

For each spectrum acquired by interrogation of the EFPI
sensor, the FFT signal was processed and the right-most peak
was identified, as shown in Fig. 17 to determine the flux thick-
ness. The sectioned FFT signal contains multiple peaks due to
the reflections from several air bubbles at the far flux-mold
wall boundary. The bottom EFPI-acquired interferogram is
processed to obtain FFT and the right-most peak was selected
for spectrum reconstruction, as shown in Fig. 17. Then, a low-
finesse EFPI demodulation algorithm was used to estimate the
optical length of the mold gap through each flux medium. This
optical length was corrected with the appropriate refractive
index to obtain the exact mold gap length (∼2 mm), as shown
in Fig. 18. At certain times, the optical length of the mold
may exceed the machined mold cavity since the RI is being
assumed as a constant of 1.52.

The mold gap measurement for H2-7 flux for trial-1 shown
in Fig. 18(a) varies as much as 120 µm up to 80 s, after which
it remains stable. Between both trials of H2-7, there is a varia-
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Fig. 19. Real-time thickness measurements of mold flux. (a) H2-7 real-time
flux thickness for two different trials. (b) H2-9 real-time thickness.

tion of 2.58 µm, which is due to the mechanical irregularities
of the mold. Similarly, the mold gap measurement for H2-9
flux shown in Fig. 18(b) varies as much as 100 µm up to 50 s,
after which the variations reduce to ∼10 µm before becoming
stable.

The thickness of the solidified mold flux film was measured
by estimating the real-time difference between the air gap
measurement by bottom EFPI shown in Fig. 15 and the mold
gap estimates shown in Fig. 18 at each time instant of the
experiment. These results were based on (8). The thickness
measurements shown in Fig. 19 matched the postexperiment
physical measurements after the difference was divided by
an RI of 1.52. The flux thickness measurement remains
consistently stable after 100 s in the case of H2-7 flux and
50 s in the case of H2-9 flux.

The thickness measurement indicates the total mold gap
length (∼2 mm) before the molten flux sample was poured into
the mold. For the thickness measurement of H2-7 flux shown
in Fig. 19(a), the flux thickness varies between 30 and 80 s
due to the crack formation during the rapid quenching. The
thickness measurement of H2-9 flux is shown in Fig. 19(b).
It can be observed that thickness measurement reaches stability
faster than H2-7 flux.

As the temperature decreases gradually during the solidifi-
cation of the flux, the refractive index of the air gap and of
the flux also gradually increases. This results in a marginal
error with respect to the measured optical path lengths of the
air gap and flux thickness. From the analysis in Fig. 20, the
temperature-dependent cross-sensitivity can be determined as
the slope of the linear fit for

1) air gap as −0.1147 nm/◦C for H2-7 experiments and
−0.0832 nm/◦C for H2-9 experiment and

2) flux thickness as −0.6419 nm/◦C for H2-7 and
−0.6839 nm/◦C for H2-9.

Fig. 20. Temperature-dependent optical path length crosstalk. Shows the
interference of temperature on measured quantities.

Fig. 21. H2-9 Flux sample with air bubbles in the EFPI path. (a) Trapped
air bubbles in flux. (b) Distance of air bubbles from flux film edge facing the
EFPI sensor.

D. Reflection From Air Bubbles Within the Flux

The proposed algorithm can also be used to locate the air
bubbles being formed within the flux film sample. A few air
bubbles get trapped and freeze directly in the path of the EFPI
sensor-directed light, as shown in Fig. 21. After a portion of
light gets reflected at the flux film’s edge in the air gap, some
light penetrates the flux film boundary and goes through the
flux, where again some light gets reflected by the trapped air
bubble within the flux. The air bubbles shown here are at
206.95 and 186.55 µm from the flux film boundary. Position
with respect to time can be determined in real time with
the EFPI sensor or mold wall as the reference. Considering
the FFT transform of the interferogram, the second peak in
Fig. 21 insert is detected and tracked using peak detection,

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on November 03,2023 at 20:13:28 UTC from IEEE Xplore.  Restrictions apply. 



7007814 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 72, 2023

Fig. 22. Real-time FFT peak detection-based location measurement of the
air bubbles in H2-9 mold flux from the EFPI sensor.

and the spectrum at this optical length is reconstructed. The
low-finesse EFPI demodulation algorithm is used to estimate
the distance from this reconstructed spectrum. This allows
for real-time monitoring of the air bubble location, as shown
in Fig. 22. This estimation is in accordance with (10). This
method can be extended to measure the distances of multiple
air bubbles within the flux during the solidification process
depending on the number of peaks in the FFT signal. The
variations in measurement are higher when the flux sample is
still in the molten phase; however, as the flux sample solidifies,
the air bubble gets trapped in place due to rapid quenching,
resulting in a stable measurement.

The inset in Fig. 22 depicts the FFT of the interferogram
during the solidification of the H2-9 flux. Two distinct peaks
can be observed, where the large peak corresponds to the air
gap and the small peak to its right corresponds to the reflection
from the air bubble trapped within the flux. The measurement
shown in Fig. 21 indicates an air bubble located at 430.10 and
656.24 µm from the EFPI sensor. The air bubbles manifest at
different locations within the flux film; however, the time of
air bubble formation is almost identical. This matches with the
physical distance of the air bubble within the flux film from
the EFPI sensor, shown in Fig. 21. For H2-9 flux sample, the
air gap after flux shrinkage is 226.59 µm and the air bubble is
located at 206.95 µm from the flux film boundary, as shown
in Fig. 21(b). On adding these two values, one can obtain
433.54 µm, which is very close to the measured distance
in Fig. 22. Similarly, the second air bubble is measured at
a distance of 658.37 µm from the EFPI sensor.

V. CONCLUSION

In this research, a three-part stainless-steel mold with a
three-step profile was designed and constructed and then
successfully used for air gap and thickness measurements.
Three EFPIs were instrumented successfully and installed in
the center of each step profile of the mold such that they were
flush with the mold wall. Mold flux samples were melted
in a furnace and poured into the mold setup. The real-time

interferogram was successfully acquired using a Hyperion
SI255 optical interrogator. A low-finesse EFPI demodulation
algorithm was developed to measure the air gap and thickness
from the modulated interferogram in real time. Information
regarding the presence of trapped air bubbles within the mold
flux film was obtained from the modulated interferogram in
real time. The proposed system of measurement can be applied
in real-time monitoring of the shrinkage of molten metals
as well. Several EFPIs in an array can be used to obtain
high-resolution information regarding the surface properties
of the materials at high temperatures. It can be challenging
to distinguish between multiple fringes and determine the
true value from the spectrum itself when the measurement
target exceeds one cycle of the spectrum. The proposed system
overcomes such issues by means of interferometry principles
such as FFT, intercavity distance modification, and advanced
signal processing. Further research is also being conducted to
extend the measuring range of the designed EFPI sensor.
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