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Thermal Mapping of Metal Casting Mold Using
High-Resolution Distributed Fiber-Optic Sensors

Muhammad Roman , Graduate Student Member, IEEE, Damilola Balogun , Chen Zhu , Member, IEEE,

Laura Bartlett , Ronald J. O’Malley , Rex E. Gerald II , and Jie Huang , Senior Member, IEEE

Abstract— This article reports a technique to embed optical
fiber into a copper mold plate for generating high-density thermal
maps of the mold during the process of metal casting. The tem-
perature measurements were based on acquiring and interpreting
Rayleigh backscattering (RBS) signals from embedded fiber,
using the interrogation technique of optical frequency domain
reflectometry (OFDR). The instrumented mold plate was used
to perform a cast-iron dip test and a steel dip test in a 200 lb
induction furnace. The maximum temperatures recorded by the
embedded fiber-optic sensors were 469 ◦C and 388 ◦C in the
cast-iron and steel dip tests, respectively. The closely spaced and
rapidly fluctuating temperature features that were imparted to
the mold wall during solidification were successfully mapped with
a high spatial resolution (0.65 mm) and a fast measurement
rate (25 Hz) using a commercial OFDR interrogator (LUNA
ODiSI 6108). Moreover, the thickness of the solidified steel shell
was measured, and a thickness map of the shell was generated.
A good correlation was observed between the thickness of the
solidified shell and the temperature of the mold, as regions
with higher and lower temperatures in the thermal profile of
the mold corresponded to thicker and thinner areas on the
shell, respectively. The dip testing experiments demonstrate that
RBS-based fiber-optic sensing is a feasible and effective method
for generating information-rich thermal maps of caster molds.
The information obtained from thermal maps can be useful for
improving the quality of the metal and productivity of the metal
casting process.

Index Terms— Caster mold, distributed sensing, fiber-optic
sensing, metal casting, optical frequency domain reflectometry
(OFDR), Rayleigh scattering, thermal mapping.

I. INTRODUCTION

TEMPERATURE measurement in continuous casting
molds is an effective tool to monitor process stability

and quality of cast metal. The thermal response of a mold
provides valuable insights into the solidification behavior of
molten metal [1]. In the continuous casting of steel, vari-
ous quality defects such as longitudinal cracks and stickers
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(sticker: a layer of metal adhered to a mold surface) originate
at the meniscus [2]. These quality defects can lead to cast
breakouts if appropriate and timely actions are not taken.
It has been demonstrated that longitudinal cracks and stickers
cause nonuniform heat flux from the metal to the mold. The
nonuniform heat flux induces localized temperature variations
at the surface of the mold. Real-time temperature monitoring
of the mold can help in the early detection of such quality
defects and the prevention of cast breakouts [3]. Moreover,
it has been reported that inadequate mold lubrication also
causes a substantial deviation in heat flux [2]. The thermal
response of a caster mold provides data that can be used
to improve mold lubrication and produce high-quality steel
products. The meniscus flow velocity of the molten steel in the
continuous casting process is another important parameter that
has a significant impact on steel quality [4], [5]. Measuring and
controlling flow velocity is crucial for ensuring high-quality
yield. The thermal profile of a caster mold can be used to
estimate flow velocity [6]. Feedback from the temperature
measurement system of the mold can be used to adjust flow
velocity using a flow control system. In addition to a tool for
quality assurance, real-time temperature monitoring of caster
molds helps improve production efficiency. Under extreme
cases of casting defects, breakouts may occur, which leads to
catastrophic damage to equipment, which results in production
downtime. Early detection of cast defects and prevention
of breakouts can ensure uninterrupted operation. Therefore,
real-time temperature monitoring of caster molds provides
information that can be useful to improve both quality and
productivity.

Conventionally, thermocouples are widely used to per-
form temperature measurements in caster molds [2], [7]–[10].
However, the inability of thermocouples to perform spatially
distributed measurements with high spatial resolution limits
their utility in the thermal mapping of caster molds. Further-
more, the instrumentation of caster molds with thermocou-
ples requires machining of the molds to accommodate the
probes. Given the sizes of these probes, the machining of the
molds introduces problematic unaccounted measurement dis-
turbances. To keep the integrity of the mold intact, the number
of thermocouples integrated into the mold plates is limited.
The large spacing between temperature measurement points
creates dead zones on the mold surface. Localized temperature
features appearing in those dead zones cannot be captured.
Therefore, many quality defects on the solidified shell go
undetected. The measurements from thermocouples are also
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affected by electromagnetic systems, such as electromagnetic
braking and stirring used for flow control in the continu-
ous casting process. Recently, ultrasonic sensors have been
reported for thermal mapping of molds in billet casters [11].
The sensors are mounted on the water jacket, and they can
measure mold temperatures in the meniscus region. Although
the ultrasonic sensors are non-intrusive, they cannot generate
information-rich thermal maps due to a limited number of
temperature measurement points. Infrared (IR) cameras are
also used for temperature measurements in various steelmak-
ing processes, such as slag detection [12] and steel rolling [13].
However, the accuracy of temperature measurements using an
IR camera is affected by the variations in the emissivity of
the target surface. Besides, the hot face of a caster mold is
not accessible to an IR camera; therefore, thermal mapping of
mold surfaces using an IR camera is not easily achievable.

Alternatively, fiber-optic temperature sensors have been
explored to achieve high-density thermal mapping of caster
molds [6], [14]–[19]. Fiber-optic sensors offer various advan-
tages over conventional sensors, such as the miniaturized size
of the optical fiber, immunity to electromagnetic interfer-
ences, low thermal capacity, little intrusion into the system,
multiplexing capability, remote operation, and the ability to
withstand harsh environments. The distinct feature that makes
fiber-optic sensors an exciting prospect for thermal mapping
of caster molds is the innate capability of fiber-optic sensors to
perform distributed sensing. Various fiber-optic sensors were
reported for temperature measurements. These sensors include
interferometers [20]–[22], fiber Bragg gratings (FBGs) [23],
and scattering-based sensors [24], [25]. FBGs attracted con-
siderable interest for thermal mapping of caster molds due to a
quasi-distributed sensing capability with a reasonable spatial
resolution (∼1 cm), high-temperature resolution (∼0.1 ◦C),
and fast measurement rates (up to a few kHz). Commercial
implementations of mold monitoring systems based on FBGs
include the HD (high-definition) mold and the OptiMold sys-
tems [6], [17]. In the HD mold, 120 FBG sensors, fabricated
on 12 optical fibers, were embedded in the copper plate
of the mold [15]. Krasilnikov et al. [16] reported results
using the HD mold. Temperature measurements, recorded
during the continuous casting of steel, were used to calculate
local heat flux densities. The thickness profile of the solidified
shell was subsequently calculated using heat flux measure-
ments. Lieftucht et al. [17] reported temperature measurements
recorded with the HD mold during the continuous casting
of steel. Temperature measurements were used to calculate
local heat flux readings over the mold height. Heat flux
readings were used to calculate mold levels. The calculated
mold levels were compared with steel level readings measured
manually. In the OptiMold system, 38 optical fibers, each
with 70 FBG sensors, were embedded in the upper half of
a copper mold plate [18]. The embedded sensors provided a
total of 2660 temperature measurement points. Sedén et al. [6]
reported results using the OptiMold system in the continuous
casting of steel. The thermal profile of the mold was used
to estimate the meniscus shape. Additionally, the thermal
response of the mold was used to control the flow symmetry
of the mold. Spierings et al. [19] used thermal data of the

mold, collected by the OptiMold system, to investigate mold
fluid flow and properties of mold powder.

Although FBGs enjoy commercial success, they have some
limitations pointed out hereafter. FBGs can only afford quasi-
distributed sensing, so they have measurement dead zones
along optical fibers that contain FBGs. Additionally, opti-
cal fibers need to be modified to fabricate gratings, which
increases the cost of the optical fibers. Moreover, the number
of FBGs that can be interrogated along a single continuous
optical fiber is limited. Therefore, the thermal mapping of
caster molds may require multiple optical fibers. For example,
12 optical fibers were used in the HD mold to achieve
120 FBGs [17], and 38 optical fibers were used in the
OptiMold to achieve 2260 FBGs [19]. Multiple lead-in optical
fibers require complicated cable management. In addition,
multiple optical fibers may require multiple light sources
and detectors. For example, three broadband light sources
were used to illuminate the optical fibers embedded in the
OptiMold.

As opposed to quasi-distributed sensors where index mod-
ifications are artificially created inside optical fibers, truly
distributed sensors rely on light scattering in unaltered optical
fibers. Distributed fiber-optic sensors (DFOS) are mainly based
on three types of scattering—Raman, Brillouin, and Rayleigh.
The most commonly used techniques to interrogate light scat-
tering in optical fibers are optical time-domain reflectometry
(OTDR) [26], optical time-domain analysis (OTDA) [27], and
optical frequency-domain reflectometry (OFDR) [28]–[30].
DFOS based on Raman and Brillouin OTDR are suitable for
temperature measurements in large structures, such as dams
and bridges, due to the extended range of the sensors (kilo-
meters). However, the low spatial resolution of such sensors
(∼1 m) makes them less suited for applications in steelmaking,
where thermal mappings in compact structures are highly
desirable. Considering the fact that sensors based on Raman
and Brillouin OTDR and OTDA have low spatial resolution,
DFOS based on Rayleigh OFDR were investigated for the
thermal mapping of caster molds. The sensing method pro-
vides spatially continuous measurements along single-mode
optical fibers (SMFs) [31]–[37]. The Rayleigh backscattering
(RBS)-based sensing approach provides high spatial resolution
(∼0.5 mm), fast measurement rates (a few hundred Hz), and
a reasonable sensing length of optical fiber (a few tens of
meters). RBS-based temperature sensors were reported for
various settings, such as energy generation systems [38], [39]
and high-temperature applications in the steel industry [34],
[40]. RBS-based sensing could be an exciting prospect for
the thermal mapping of caster molds. The ability to provide
spatially continuous temperature measurements along an opti-
cal fiber can be useful in achieving thermal maps of a caster
mold using a single continuous optical fiber, thus making
cable management and interrogation a lot easier. Moreover,
information-rich thermal maps of caster molds, achieved due
to the sub-millimeter spatial resolution of the fiber-optic
measurement system, can be instrumental in detecting closely
spaced and rapid thermal events occurring at the meniscus.

In this article, RBS-based sensing was used for thermal
mapping in a caster mold. An instrumentation method was
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devised to embed an optical fiber in a copper mold plate
for spatially distributed temperature measurements. A high
numerical aperture (NA) optical fiber, with high macrobending
loss resistance, was used to instrument a compact mold plate
using a single continuous looped optical fiber. The instru-
mented mold plate was immersed in cast-iron melt (C 3.10%,
Si 1.87%, Mn 0.5%, Cr 0.16%) at 1450 ◦C and in steel melt
(C 0.2%, Si 2.0%, Mn 0.07%, Al 0.08%) at 1600 ◦C. The
silica optical fibers used in the mold instrumentation cannot
withstand such high temperatures. Therefore, the optical fibers
were protected from direct exposure to the molten metal. The
work reported here was intended to measure temperatures in
the mold as a result of transient heat transfer from metal to
the mold during immersion and solidification. The maximum
temperatures recorded by the embedded fiber-optic sensors
were 469 ◦C and 388 ◦C in the cast-iron and steel dip
tests, respectively. In both the cases, the metered temperatures
remained well below the maximum temperature measurement
capability of RBS-based fiber-optic sensors, which is approxi-
mately 700 ◦C–750 ◦C for unmodified silica optical fibers [41].
Thermal maps of the mold, generated during the immersion
of the mold into the molten metal and solidification of the
shell against the mold wall, provided valuable insights into
the solidification behavior.

II. RBS-BASED TEMPERATURE MEASUREMENTS

AND OFDR INTERROGATION

RBS-based sensing is a distributed sensing method that
provides spatially continuous temperature measurements along
SMFs. The RBS effect derives from the scattering of light
from fluctuations in refractive index in an optical fiber. The
RBS-based temperature measurements rely on the fact that
temperature variations cause shifts in the RBS spectra. The
shifts in the RBS spectra are attributed to the changes in the
refractive index and the length of an optical fiber as a result
of the changes in temperature. The RBS shift (�λ) caused by
a change in temperature (�T ) is given as:

�λ = λ(α + ζ )�T (1)

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.

A commercially available OFDR interrogator (LUNA
ODiSI 6108) was used to interrogate RBS signals obtained
from the optical fiber under test. The interrogator used
a tunable laser source with a 50 nm tuning range
(1515–1565 nm) and a 1000 nm/s tuning speed. The highest
spatial resolution achieved using the interrogator was 0.65 mm
(for a fiber length of up to 2.5 m with a measurement acqui-
sition rate of 62 Hz). The maximum measurement acquisition
rate provided by the interrogator was 250 Hz (for a fiber length
of up to 2.5 m with a spatial resolution of 2.6 mm). The
measurement acquisition rate varies depending on the length
of the sensing fiber and the spatial resolution used in the
measurements. For a given spatial resolution, the measurement
acquisition rate decreases with an increase in sensing fiber
length. Similarly, for a given length of the sensing fiber,

Fig. 1. Schematic of the experiment setup of the dip test using a copper
mold instrumented with distributed fiber-optic temperature sensors.

the measurement acquisition rate decreases with an increase
in spatial resolution. The interrogator automatically adjusts
the measurement acquisition rate based on the length of the
sensing fiber used in the experiment and the value of spatial
resolution selected for the measurements. The interrogator can
perform distributed temperature measurements along a single-
mode fiber over distances of up to 50 m.

III. EXPERIMENTAL SETUP FOR THE DIP TEST

The thermal mapping of a caster mold has great value
in metal casting. As discussed earlier, real-time temperature
monitoring of a mold has a significant role in improving
the quality and productivity of the cast. The potential of
RBS-based fiber-optic temperature measurement for real-time
thermal mapping of the caster mold was demonstrated in a dip
test. An instrumentation method was devised to embed optical
fibers in copper mold plates. The objective was to conduct
a dip test with an instrumented mold and generate thermal
maps of the mold plate during immersion and solidification.
Fig. 1 shows a schematic of the experimental setup used to
conduct the dip test with a mold instrumented with optical
fibers. The dip test was conducted in a 200 lb induction furnace
in the Missouri S&T foundry laboratory. A copper mold plate
(100 mm × 50 mm × 12 mm thick) was instrumented with
an optical fiber for temperature measurements. The mold plate
was housed in a metal casing to protect fiber loops from the
molten metal during the dip test. One end of the optical fiber,
used in the instrumentation of the mold plate, was connected
to the OFDR interrogator. The other end of the optical fiber
was placed inside the metal casing. The following sections
present more details about the mold instrumentation and the
experimental setup of the dip test.

A. High NA Fiber as a Sensing Device

The RBS-based temperature measurement system exploits
an unmodified SMF as a sensing device. The optical fiber
commonly used for the RBS-based measurements is a com-
munication grade standard SMF. To instrument a mold plate
using a single continuous optical fiber, the optical fiber
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needs to be looped, making multiple sensing paths. However,
the compact mold plate requires sharp bending of the optical
fiber for the embedding process. The standard SMF exhibits
significant attenuation in the RBS signal due to sharp bends.
The attenuation in the RBS signal deteriorates the signal-to-
noise ratio (SNR) and leads to the failure of OFDR mea-
surements [42]. An optical fiber with a high NA was used
to address the issue of signal attenuation due to bending.
An optical fiber with a high NA diminishes macrobending loss
and allows multiple sharp bends of the fiber under test [43].
The single-mode high NA optical fiber used to instrument
the mold was UHNA1 from Nufern (East Grandby, CT). The
UHNA1 fiber has a core diameter of 2.5 μm, NA of 0.28,
mode field diameter of 4.8 ± 0.3 μm at the wavelength of
1550 nm, and a cladding diameter of 125 ± 1 μm. The high
NA fiber can be wrapped to a radius of a few millimeters
without experiencing significant attenuation in the RBS signal.

B. Temperature Coefficients for the High NA Fiber

The frequency shift response of the fiber-optic measure-
ment system, as a result of the changes in temperature, was
measured and calibrated before the mold instrument was fit
with the fiber. To conduct a temperature-ramp experiment,
a section of a high NA optical fiber was placed in a tube
furnace (Thermo scientific TF55030A-1). One end of the
fiber was connected to the OFDR interrogator, and the other
end was spliced to a coreless fiber positioned outside the
furnace. The coreless fiber was used to reduce reflections
from the end face of the high NA optical fiber. A K-type
thermocouple, connected to a data logger (Graphtec GL220),
was placed together with the optical fiber for temperature
measurements at a single position in the furnace. To compare a
frequency shift profile recorded using the OFDR interrogator
to the temperature profile measured with the thermocouple
system, a position on the optical fiber, close to the tip of
the thermocouple probe, was identified using a point heating
source before the experiment. The temperature inside the
furnace was increased from room temperature (22 ◦C) to
740 ◦C at an average ramp-up rate of 20 ◦C/min. The power
to the furnace was then turned off, and the furnace was
allowed to cool down. When the temperature dropped to
400 ◦C, the power was turned on again. The temperature was
increased from 400 ◦C to 740 ◦C. During the entire duration
of the temperature-ramp experiment, the OFDR interrogator
measured shifts in the Rayleigh spectra along the length of
the optical fiber with an update rate of 1 Hz. The ther-
mocouple system measured temperature at a single position
with an update rate of 1 Hz. Fig. 2 shows measurements
from both the fiber-optic and the thermocouple systems during
the temperature-ramp experiment. The frequency shift and
temperature measurements recorded during the first ramp-
up (22 ◦C to 740 ◦C) were used for the calibration. The
frequency shift data were converted into temperature using
a second-order polynomial fitting, as shown in Fig. 2(a).
The coefficients of the second-order polynomial (p1, p2, and
p3) that relate frequency shift (F) to temperature (T ) are
provided in Fig. 2(a). The same calibration coefficients were

Fig. 2. Responses of the fiber-optic and thermocouple systems during
temperature ramp-up and ramp-down processes. (a) Plot of the frequency
shift response, recorded by the fiber-optic system, for various temperatures
metered by the thermocouple placed in the furnace. Frequency shift data
were converted into temperature data using a second-order polynomial fit-
ting. F: frequency shift; T : temperature; p1, p2, and p3: coefficients of
the second-order polynomial. (b) Fiber-optic and thermocouple temperature
measurements during temperature ramp-up and -down processes.

used to convert frequency shift measurements into temperature
measurements for the two successive temperature ramp-down
and ramp-up processes. The measurements recorded using the
OFDR interrogator and thermocouple systems exhibited good
agreement for the entire duration of the temperature-ramp
experiment, as evident from Fig. 2(b). The experiment not
only provided calibration coefficients but also demonstrated
the reliability of OFDR measurements, using a high NA fiber
as a sensing device, for temperatures up to 740 ◦C.

C. Instrumenting a Copper Mold Plate With Optical Fibers

A copper plate (100 mm × 50 mm × 12 mm thick) was used
to machine a mold that was instrumented with optical fibers.
The dimensions of the plate were selected so that the dip test
could be conducted in a 200 lb induction furnace in a foundry
laboratory. The objective of the test was to generate 2-D
thermal maps of the mold plate in real-time using an embedded
fiber-optic sensor during immersion of the mold into the
molten metal and subsequent solidification of the metal shell
against the mold surface. An optical fiber should maintain
good thermal contact with the hot face to measure temperature
variations at the surface of the mold. An optical fiber bonded
to the surface of the mold can experience thermally induced
strains due to the mismatch of the coefficient of thermal
expansions (CTEs) of the optical fiber (fused silica CTE:
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Fig. 3. Schematic of the EDM-machined copper mold plate and photograph
of the same after instrumentation with an optical fiber. (a) Schematic of the
copper mold plate (100 mm × 50 mm × 12 mm) used in the dip test. Twelve
slots, each 350 μm wide, were machined from the back face of the mold plate
to within 1 mm of the front face. (b) Photograph of the instrumented mold
plate. The slots on the copper mold plate were instrumented with a single
continuous optical fiber configured with multiple return loops at both ends
of the mold plate. The slots were backfilled with copper powder and copper
sheets. The mold plate was fastened to a metal casing.

0.55 × 10−6/ ◦C) and the material of the mold plate (copper
CTE: 17 × 10−6/ ◦C). Therefore, the optical fiber should be
thermally connected to, but mechanically decoupled from,
the hot face of the mold. Moreover, an embedded fiber
should minimally interfere with the heat flow inside the
mold. An embedding scheme was devised to achieve the
aforementioned objectives. Fig. 3 shows a schematic of an
electrical discharge machining (EDM)-machined copper mold
plate and a photograph of the plate after instrumentation with
an optical fiber. Twelve deep slots (each 350 μm wide) were
machined longitudinally from the back face of the mold plate
to within 1 mm of the hot face using wire EDM as shown
in Fig. 3(a). The separation between two neighboring slots was
2 mm. Fig. 3(b) shows a photograph of the mold instrumented
with an optical fiber. A high NA SMF was used to instrument
all 12 slots. The high macrobending loss resistance of the high
NA fiber enabled the instrumentation of all 12 slots using a
single continuous optical fiber with multiple return loops. For
each slot, a section of the optical fiber was loosely placed at the
base of the slot. The slot was backfilled with copper powder
(325 mesh) up to a height of 2 mm from the base of the slot.
The remaining space in the slot was filled by inserting a thin
copper sheet (100 mm × 9 mm × 0.32 mm thick) into the slot.
The use of thin machined slots from the back face of the mold
plate minimized interference with the hot face heat flow in the
mold, providing a more uniform surface exposed to the molten
metal. The deep slots ensured that the optical fiber close to the
hot face allows the capture of rapid thermal events. The loose
fiber surrounded by copper powder provided improved heat
flow uniformity while ensuring that no thermally induced
strain was transferred to the optical fiber from the copper
mold plate as the mold plate was heated. The thin copper

Fig. 4. Schematic and photograph of the instrumented copper mold plate
housed in a metal casing (a.k.a. the test paddle). (a) Schematic of the mold
plate housed in a metal casing. The instrumented mold plate was attached
to the front metal plate of the casing. The front plate was then fixed to the
casing. The casing protected the back face of the mold plate and fiber loops
from direct exposure to the molten metal during the dip test. Twelve white
dotted lines represent the 12 embedded fiber sections. (b) Photograph of the
front face of the metal casing mounted to the instrumented copper mold plate.

sheets, inserted into the slots, improved the heat flow inside
the mold.

D. Casing for the Mold

A mild steel (AISI 1018 grade) casing was designed to
protect the optical fiber loops and the copper mold plate’s cold
end from direct contact with the molten metal. Fig. 4 includes
a schematic and a photograph of the EDM machined copper
mold plate housed in the metal casing. The casing consists
of two parts, a 3 mm thick, 155 mm × 100 mm front plate
to which the instrumented copper mold plate was fastened
and a 52 mm thick, 155 × 100 mm container that housed
the return loops and the lead-out optical fiber. The fiber was
then passed through a 3/4 -npt pipe and connected to the
interrogator. With the inner wall of the test casing was lined
with an alumino-silicate ceramic fiber paper, heat transfer was
predominantly confined to one direction only, from the metal
to the hot face of the mold. The steel casing was coated with
an alcohol-based zircon wash to facilitate easy recovery of the
solidified shell.

E. Test Assembly and the RBS Signal From the Fiber
Under Test

To keep the OFDR interrogator at a safe distance from
the high-temperature environment of the induction furnace,
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Fig. 5. Relative intensity of the Rayleigh backscattering signal along the
lead-in SMF and the embedded high NA fiber. The low macrobending loss
of the high NA fiber ensured good signal strength despite having multiple
permanent sharp bends in the fiber resulting from the embedding process.

a 4.3 m long lead-in standard SMF was used. The standard
SMF was spliced to a 2.4 m long high NA fiber using a fusion
splicer (Fujikura 70S). The other end of the high NA fiber was
spliced to a 30 cm long coreless fiber to reduce reflections
from the high NA fiber’s end face. The copper mold plate
was instrumented with the high NA fiber, as discussed earlier
in Section III-C. Fig. 5 shows the RBS signal obtained from
the lead-in standard SMF and the high NA fiber. The RBS
signal was recorded after the mold was instrumented with the
fiber. A higher dopant concentration in the core and improved
capture fraction due to the high NA of the fiber may account
for the ∼6 dB enhancement in the RBS signal obtained from
the fiber [44]. To instrument 12 slots using a single continuous
high NA fiber, 11 return loops of the fiber were configured.
The bending radii of the fiber loops ranged from as large as
30 mm down to as small as 5 mm. It is evident from Fig. 5
that the SNR for the looped high-NA fiber is better than the
SNR of the straight lead-in standard SMF.

IV. DIP TEST

The dip test procedure involved induction melting of a gray
cast-iron charge (C 3.10%, Si 1.87%, Mn 0.5%, Cr 0.16%)
in a 200 lb coreless induction furnace. The temperature of
the melt was measured using a handheld temperature probe
with a platinum-based thermocouple (Heraeus Digilance V).
When the temperature of the melt was 1450 ◦C, the test
paddle was slowly lowered into the melt crucible and held
for 4 s before withdrawal. An iron shell was formed on the
mold wall. Temperature measurements were performed con-
tinuously throughout the immersion and solidification process.
The spatially distributed temperatures along the length of
the optical fiber were metered with a 0.65-mm spatial res-
olution. The measurements were recorded with an update
rate of 25 Hz. The width of the mold plate, where tem-
perature points were measured, was 25 mm. There were
1380 distinct temperature measurement points over an area
of 75 mm × 25 mm. To the best of our knowledge, such
a high-density thermal mapping scheme for a metal casting
mold has not been reported previously. The high density of
measurements provides a very detailed thermal response of the
mold as the mold transfers heat from the molten metal during
solidification.

V. RESULTS AND DISCUSSION

Fig. 6 shows a schematic of the test paddle used in the
dip test and spatially distributed temperature profiles along
embedded fiber sections. The machining and instrumentation
of the mold plate, as shown in Fig. 6(a), was discussed in
Section III-C. Fig. 6(b) shows a thermal map of the mold sur-
face during the dip test (when the mold was fully immersed).
The spatially distributed temperature measurements were used
to generate thermal maps of the mold surface at 1 mm
from the hot face where the fiber sections were embedded.
Temperature values were sampled with 0.65 mm resolution
along the y-axis (corresponding to the spatial resolution of
the OFDR interrogator) and with 2 mm resolution along the
x-axis (corresponding to the spacing between adjacent optical
fiber sections). The thermal maps were generated by MATLAB
R2018b using pseudocolor plots with bilinear interpolation,
and the colors represent a range of temperatures. The jet color
scheme with 1024 color levels was used to obtain smoother
transitions between colors. Fig. 6(c) shows spatially distributed
temperature profiles along 12 fiber sections embedded in the
mold plate. The temperature profiles are shown at four times
during the dip test, labeled t1–t4. t1 = 0 s: before immersing
the mold into the molten metal; t2 = 1 s: when the mold was
partially immersed into the molten metal; t3 = 3.5 s: when the
mold was fully immersed; and t4 = 8 s: after the mold was
taken out of the crucible with a metal shell solidified on the
mold wall. Before immersion, at time t1, all 12 embedded fiber
sections uniformly registered room temperature (∼25 ◦C).
A temperature rise was observed during immersion, and a
temperature gradient was also observed along the length of
the mold. The lower part of the mold registered a higher
temperature, while the upper part registered a lower temper-
ature because the mold was partially immersed at that time.
The temperature profiles along the embedded fiber sections
exhibited a similar trend in the temperature gradients when
the mold was fully immersed. The lower part was hotter than
the upper part of the mold. Temperature gradients began to
dissipate shortly after the mold was removed from the molten
metal due to the redistribution of heat on the mold surface,
as depicted by temperature profiles at time t4 = 8 s. The
high spatial resolution (0.65 mm) and fast measurement rate
(25 Hz) of the fiber-optic temperature measurement system
made it possible to monitor a detailed thermal response of
the mold during the immersion and solidification process. The
information-rich thermal history of the mold provided useful
insights into the casting process.

Fig. 7 shows the thermal maps of the mold surface at
different time instances during the dip test. The thermal maps
indicate that the temperature began increasing at the bottom of
the mold plate, which agrees with the test procedure because
the immersion into the molten metal started at the bottom
of the test paddle mold plate. When the mold was fully
immersed, the entire area of the mold showed a tempera-
ture rise. However, a significant temperature difference was
observed between the lower and upper parts of the mold.
The heating rate of the mold was attributed to solidifica-
tion kinetics and, subsequently, the solidified shell profile.
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Fig. 6. Schematic of the test paddle and spatially distributed temperature profiles along the embedded optical fiber sections. (a) Schematic of the instrumented
mold plate housed in a metal casing. The optical fiber sections embedded in the mold plate and optical fiber return loops at the top and bottom of the mold
are shown. b) Thermal map of the mold plate during the dip test. The length between the two red dotted lines corresponds to the 75 mm long surface of
the 100 mm long mold plate, which was exposed to the molten metal (c) Spatially distributed temperature profiles along 12 adjacent embedded optical fiber
sections at four instances of time during the immersion and solidification process. t1 = 0 s: a time before immersing the mold into the molten metal, t2 = 1 s:
during immersion when the mold was partially immersed into the molten metal, t3 = 3.5 s: when the mold was fully immersed, and t4 = 8 s: after the
mold was taken out of the crucible with a shell solidified against the face of the mold. The graph labeled “Fiber section: 1” shows temperature profiles along
the leftmost embedded optical fiber section (viewed from the top surface of the mold plate, which was exposed to the molten metal), and the graph labeled
12 corresponds to the right-most embedded optical fiber section.

The solidified shell morphology correlated well with the
thermal profile, as regions with higher temperatures in the
thermal profile corresponded to areas on the shell that were
thicker. The temperature profile suggests that solidification of
the metal shell was nonuniform, which agreed with direct
observations of the shell thickness. The use of thermal maps
in this manner will help identify areas where thinning of the
shell may likely occur.

The generally higher temperature at the lower part of the
mold was the result of the slightly longer residence time in

the molten iron due to the finite speed of immersion into and
withdrawal from the bath. The lower temperature at the top
of the mold was due to its slightly shorter residence time in
the molten iron bath. The low-temperature zone on the mold
surface indicated a reduced heat flux from the shell to the
mold. Another possible cause for the reduced heat flux in the
upper part of the mold is the formation of an air gap between
the shell and the mold surface during shell growth, caused
by shell distortion. The reduced heat flux resulted in reduced
shell thickness, which could eventually lead to cast breakout.
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Fig. 7. Thermal maps of the copper mold plate during the immersion and solidification process of a dip test. The immersion started at t = 0.5 s. At t = 2 s,
the mold was fully immersed in the molten metal. The mold plate remained immersed for 4 sec until t = 6 s. At t = 7.5 s, the mold was out of the crucible
with a shell solidified against the face of the mold.

Fig. 8. Spatially distributed temperature profile along one of the embedded
fiber sections (the fiber section embedded in slot 6, numbered from the left
of the mold) during the immersion and solidification process.

Fig. 8 shows a spatial–temporal thermal map for one of the
embedded fiber sections, the fiber section embedded in slot 6,
numbered from the left of the mold. Slot 6 was close to the
midplane of the mold. The spatially distributed temperature
profile along the 75 mm length of the fiber (the length of the
mold exposed to molten metal) is shown during the immersion
of the mold and during solidification and cooling of the shell.
The temperature rise from the bottom to the top of the mold
during immersion is clearly visible. Moreover, the spatial–
temporal profile illustrates that the temperature in the upper
part remained lower than the temperature in the lower part
of the mold. Similarly, the spatial–temporal thermal profiles
for the remaining 11 sections of the fiber can be obtained to
investigate the thermal behavior of other zones of the mold.

Another dip test was conducted in a steel bath using the
same experimental setup. The thermal profiles of the mold
plate were measured continuously throughout the immersion
and solidification process. A steel shell (C 0.2%, Si 2.0%,

Fig. 9. Side-by-side comparison of a photograph of the solidified steel
shell, the thickness map of the shell, and a thermal map of the mold plate.
(a) Photograph of the mold face side of the shell (70 mm × 35 mm). The
photograph was flipped horizontally to make the orientation of the shell the
same as the orientations of the thickness map of the shell and the thermal
map of the mold. The width between the two white dotted lines is the 25 mm
wide surface of the 35 mm wide shell, which corresponds to the 25 mm
wide surface of the mold plate where fiber sections were embedded for
temperature measurements. (b) Thickness map (mm) of the solidified steel
shell. (c) Thermal map of the mold plate during solidification.

Mn 0.07%, Al 0.08%) was formed on the mold wall. A com-
plete 3-D scan of the solidified shell was performed using a
40 μm point resolution blue light scanner (OptimScan-5M)
to measure the thickness profile of the shell. The scanned
data were processed in MATLAB R2019a to generate a
thickness map of the shell. Fig. 9 shows a photograph of
the solidified shell, the thickness map of the shell, and a
thermal map of the mold during the solidification process.
Fig. 9(a) shows a photograph of the mold face side of the shell
(70 mm × 35 mm). The width between the two white dotted
lines is the 25 mm wide surface of the 35 mm wide shell,
which corresponds to the 25 mm wide surface of the mold
plate where fiber sections were embedded for temperature
measurements. A good correlation was observed between the
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thickness map of the solidified shell [Fig. 9(b)] and the thermal
map of the mold [Fig. 9(c)]. The regions reporting higher
temperatures in the thermal profile corresponded to areas
on the shell that were thicker. The lower temperature regions
on the mold surface corresponded to the thinner areas of
the shell. The correlation between the thickness map of the
solidified shell and the thermal map of the mold demonstrates
that RBS-based fiber-optic temperature measurements are very
useful for real-time thermal mapping of the caster mold.

VI. CONCLUSION

We reported and demonstrated a method to embed
RBS-based fiber-optic temperature sensors into a copper mold
plate to generate thermal maps of the mold during the metal
casting process. Deep slots were machined into the mold, using
a wire EDM, from the back face of the mold to within 1 mm
of the front face (hot face) to accommodate sensor installation
into the mold plate. All slots were instrumented using a single
continuous optical fiber with multiple return loops at both ends
of the mold plate. A single optical fiber was used, providing
for simple cable management and interrogation of the fiber
sensor under test conditions. The instrumented mold plate was
used to conduct a cast-iron dip test and a steel dip test in a
200 lb induction furnace. 2-D thermal maps of the mold plate
were generated during immersion of the mold into crucible
and solidification of a metal shell against the mold wall. The
localized and rapid temperature features observed for the mold
wall were successfully mapped using a fiber-optic sensor that
was embedded close to the mold surface (at a depth of 1 mm).
RBS-based measurements were performed with a high spatial
resolution (0.65 mm) and a fast measurement rate (25 Hz).
The information obtained from the thermal maps provided
valuable insights into the solidification behavior. The thickness
map of the solidified steel shell was compared with a thermal
map of the mold plate, and good correlations of features
were observed between the two measurements. The dip test
experiments demonstrated that RBS-based fiber-optic sensing
is an effective method for real-time temperature monitoring
of caster molds. Investigating the information-rich thermal
response of the mold can be useful for improving the quality
of the metal and the productivity of the casting process.
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