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Abstract— Thermomagnetic processing methods require an
understanding of the in-situ temperatures experienced by the
workpieces. When commonly used thermocouples are employed in
induction furnaces, RF fields can contribute additional
temperature uncertainties to the ones arising from the use of
strong magnetic fields. Focusing on temperatures between 300 °C
to 1000 °C produced by induction and resistive furnaces, the
readings generated by Type-K thermocouples were contrasted to
the ones produced by Type-S and Type-N sensors for magnetic
fields up to 9 T. Overall, when comparing Type-K response to
temperatures above 700 °C in both zero-field and high field
(£97T), the differences amounted to less than 1%, and when
continuously measured has a linear relationship to the strength of
the applied field. The relative invariance of Type-N and Type-S
thermocouples was confirmed. These findings suggest that the use
of thermocouples in high magnetic fields remains a viable option
for applications, although the precision depends on the type used.

Index Terms— Thermomagnetic processing, thermocouples,
high temperature, strong magnetic fields.
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L INTRODUCTION

HE effects of magnetic fields on the responses of
Tthermocouples (TCs) that contain magnetic components

have received considerable attention below 180 °C [1-5].
This temperature range encompasses the upper limit (152 °C)
of the ferromagnetic behavior of Alumel, a standard component
of Type-K TCs (see Table 1). However, even above the
magnetic transition temperature, the use of TCs containing
Alumel or other magnetic components can generate doubt in the
accuracy and precision of thermocouple readings in the
presence of an applied magnetic field, and expensive substitutes
are used to eliminate a perceived but often uncharacterized
source of error. These include platinum Resistance
Temperature Detectors (RTDs) [6] and Fiber-Bragg Grating
(FBQG) [7, 8] sensors, which are considered to be magnetic-field
independent. Both options eliminate magnetic components but
have their own detriments.

More specifically, RTDs typically consist of pure elements
whose temperature dependent resistivity has been calibrated
and magneto-resistivity is known or assumed to be negligible.
The Pt-based non-magnetic variety are not typically used above
660 °C due to the Pt-uptaking impurities from its surroundings,
typically from a metal sheath. Contrastingly, FBGs are optical
sensors commonly employing etched glass fibers acting as
gratings for a designated range of wavelengths of light. Since
the filtered light depends on physical characteristics of the fiber,
changes in mechanical stress or temperature result in changes
to the optical response. The main limitation of FBGs is the
specificity and complexity of their manufacture lead to
increased costs.

With the development of thermomagnetic processing using
induction furnaces in magnetic fields up to 9 T and as high as
1000 °C [9-15], the magnetic field-induced shifts of TC
calibration curves require renewed scrutiny, especially since
these techniques are actively being scaled to industrially
relevant sizes. Large magnetic fields at high temperatures also
impact multiple research fields, from high-energy physics to
material development and characterization, alongside more
conventional circumstances such as high current transitions in
electrical operations. The alternatives of RTDs and FBGs are
effective, but these represent a greater financial investment
beyond the ones associated with Type-K and Type-N TCs and
a potential barrier to the adoption of high-field thermal
processing. Consequently, an understanding of the magnetic
field-induced shifts of high temperature readings is crucial, and
the use of inexpensive, easily calibrated TCs are required.
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This work seeks to understand the behavior of TCs in the
previously underexplored high field, high temperature regime.
Herein, the responses of unshielded Type-N, Type-K, and
Type-S TCs operated in resistive and induction furnaces to
temperatures up to 1000 °C in magnetic fields up to 9 T are
reported. Type-S vs. Type-K investigations were performed at
Oak Ridge National Laboratory (ORNL) while Type-N vs.
Type-K studies were performed at the University of Florida
(UF).

II. EXPERIMENTAL CONFIGURATIONS AND PROTOCOL

A. Thermocouples

An initial expectation regarding TC thermometry within
magnetic fields is informed by whether the TC consists of any
magnetic materials. Herein, Type-K and Type-N are considered
economical choices next to the expensive Type-S version. The
TC constituents and their compositions are shown in Table 1.

The constituents of the Type-S and Type-N TCs are often
considered to be non-magnetic or weakly paramagnetic, but
subtle stronger magnetic effects are known to exist [16]. The
Alumel and Chromel of Type-K TCs possess ferromagnetic
properties, with a known Curie temperature of 154 °C for
Alumel [3]. Contrastingly, Chromel magnetic measurements in
the literature suffer from the occurrence of slight Cr oxidation

TABLE I
THERMOCOUPLE TYPES AND RESPECTIVE COMPOSITIONS[17]
Type Positive le Negative leg
Accuracy Comp. Wt. % Comp. Wt. %
Name Name
K Chromel | 0.1 Cr Alumel 0.01 Si
(x2.2 °C or 0.9 Ni 0.02 Al
+0.75%) 0.02 Mn
0.95 Ni
N Nicrosil 0.001 Mg | Nisil 0.001 Mg
(x2.2 °C or 0.014 Si 0.044 Si
+0.75%) 0.144 Cr 0.955 Ni
0.80 Ni
S 0.10 Rh 1.00 Pt
(x1.5 °C or 0.90 Pt
+0.25%)

(“green rot”) in high temperature, low oxygen environments,
altering the Curie temperature. When measured via heat
capacity, the Curie temperature at 10 wt. % Cr in Ni is reported
to be -48 °C [18]. However, some articles report the Curie
temperature of a Type-K TC to be 354 °C, though this likely
arises due to a magnetic transition of elemental Ni [4]. In
heating applications, magnetic effects may be observed up to
the Curie temperature of Alumel, and expectations suggest
these effects would be more prominent in applied fields. Other
factors influencing TC performance within magnetic fields
include TC orientation relative to field orientation [4],
workpiece temperature relative to TC component Curie
temperature, thermal hysteresis of Cr-containing TCs [19, 20],
and thermal and magnetic gradients along the wires [12]. In the
induction
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Fig. 1 Schematics for furnace setups used for thermocouple
investigation. (left) Induction furnace setup utilized at ORNL,
and (right) resistive furnace setup utilized at UF.

furnace scenario, there is an additional AC-generated magnetic
field generated parallel to the static DC applied field.

Additionally, this study explored the behavior of TCs at the
beginning of their useful lifetimes, as the materials employed
were as received from the manufacturer. Naturally, TCs can
degrade over time due to a variety of factors, including
chemical environment, mechanical stress, and overheating
beyond the TC’s rating for extended periods of time (Type K =
-270—-1372 °C; Type N=-270 — 1300 °C; Type S=-50 - 1768
°C [17]). Although repeated use in a magnetic field might also
impact the response, there are currently no studies of this
interaction over long thermocouple lifetimes available in the
literature. The studies performed herein represent temperature
ranges well within the rating of the TC materials.

In this work, the induction furnace scenarios have TCs
oriented parallel to the combined AC and DC magnetic field
direction and passing through thermal and field gradients into
the homogenous field. It shows how the TCs have variable
response depending on TC type, and how Type-K shows
significant variation even above the Curie temperatures of its
constituents at higher fields. This result is compared to the
resistive furnace scenario, where Type-K variation is relatively
suppressed but still significant. Type-S and N thermocouples
are used as field-independent comparisons, though minor
effects on N thermocouples are observed and presented
alongside the more impacted Type-K.

B. Induction Furnace

For the induction furnace studies at ORNL, the zero-field
response of a Type-S TC was used by a temperature controller
(Yokogawa model UT150) to regulate an RF power supply
(Ameritherm (now Ambrell) HotShot 2, 2 kW) operating at 170
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Fig. 2 Schematic of circuitry and thermometry layout in the
induction furnace heating scenario.

— 180 kHz. In zero-field, the melting point of aluminum was
used to provide a fixed-point calibration for the Type-S TC.
Further offset calibration was performed using an Omega brand
CL3515R Calibrator Thermometer for all TC types. A testing
assembly was formed by TCs encased in a central alumina
sheath surrounded by silica wool, where the regulating Type-S
and Type-K TCs were coaxially inserted into the central region
of a 1.0" (2.54 cm) diameter cylindrical Inconel susceptor,
which was wrapped by thermal insulation fabric and encased in
a quartz tube, represented in Error! Reference source not
found., left. The TCs were 24" (60.96 cm) long, which was
sufficient to traverse the full thermal gradient, and were
connected by mini-thermocouple connectors to appropriate
extension wires (Fig. 2).

The assembly was placed in the center of a 2.0"” (5.08 cm)
diameter, water-cooled %4" (0.635 cm) copper tubing wound in
10 turns to serve as the induction coil located in the
homogeneous magnetic field region. The field was generated
by an American Magnetics, Inc. 9 tesla superconducting
magnet with a warm-bore of 5” (12.7 cm) diameter. Care was
taken to ensure the TC wiring was oriented parallel to the
magnetic field and was constrained to keep the sensor regions
as close to each other as possible without electrical contact.

Studies were performed without altering the position of the
TCs, such that the TC experienced each setpoint at each static
magnetic field in ascending order (0, 0.5, 1, 2, 5, 7, 9 T). At
each setpoint, the temperature was held nominally for 10 min
to achieve sufficient thermal equilibrium. In between magnetic
field changes, the sample was allowed to furnace cool to room
temperature, see Error! Reference source not found.. Error!
Reference source not found.In the induction furnace, the
temperature of the Type-S TC is shown for several applied
magnetic field values. These data do not indicate the presence
of any significant influence of the magnetic fields on the
Type-S unit. Since the reading from the Type-S unit is used to
control the temperatures, the output of the power supply is
analyzed to infer if any subtle magnetic field-induced
influences affect the Type-S output, see Fig. 4, where the output
of the power supply at zero-field (PS(0)) is compared to the

output at a static positive field (PS(B)) and normalized to PS(0).
The detected, subtle trends do not appear to be systematically
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Fig. 3 TC readout inside the induction furnace’s AC field
and the applied DC field using a Type-S TC. The curves
overlap closely, indicating there is minimal impact of the
applied magnetic field

correlated to an increase of the power needed to raise the
temperature. Field dependence trends toward negative values
compared to zero-field runs, which may indicate a slight
influence of the magnetic field. In another experiment, the
magnet was ramped to 7 T, the setpoint adjusted to 1000 °C,
and temperature was allowed to equilibrate. The magnetic field
was then ramped down to O at a constant rate, (Fig. 4-pink
curve).

C. Resistive Furnace

The resistive furnace used on the UF BxT system (Fig. 1-
right), which consists of an in-house developed chilled-water
jacketed insert that operates in a 90-mm, room-temperature
bore of a repurposed Oxford 400 MHz (9.4 tesla) NMR
superconducting magnet [21]. A 2" (5.08 cm) diameter
cylindrical ceramic fiber heater (Watlow, VC400J12A) with
0.5" (1.27 cm) diameter inner bore was wrapped in a layer of
0.25" (0.635 cm) thick ceramic fiber blanket and affixed inside
the cooling jacket in the homogenous field region of the
magnet. A Type-N TC inside an alumina sheath was run
between the ceramic fiber wrap and the outer wall of the heater,
then inserted at a 90° angle into a hollow TC port (I.D. 0.14"
(0.3556 cm)) extending radially from the outer wall into the
hollow core of the furnace at its vertical midpoint. The tip of
the Type-N TC was carefully positioned at the edge of the inner
bore of the heater and fixed in place with additional insulation
packed into the TC port. The response of the Type-N TC was
passed to a temperature controller (Watlow, FASH-FAAO-
01RG) used to regulate the DC current generated by a power
supply (Kepco ATE 500 W, 150 V, 3.5 A). The melting points
of pure aluminum and copper in zero-field were used to
calibrate any offset of the Type-N TC resulting from its radial
displacement from the center of the furnace.
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An alumina tube (5/8” (1.5875 cm) 1.D.) with a lip was
designed to allow a square cut-out in its wall to be positioned at
the exact height of the TC port when it is inserted into the heater
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Fig. 4 The normalized difference in power supply output at
zero and positive static magnetic field needed to obtain
temperature equilibrium at a constant setpoint. Temperatures
were collected with a Type-S TC in the induction heating
system. The pink curve was held at 1000 °C (pink) and the
field was ramped continuously from 7 T to zero-field.

from the top. A Type-K test TC was packed into the tube with
ceramic fiber insulation and fixed in place at the center of the
square cut-out. The assembly was lowered vertically into the
furnace, ensuring minimal displacement from the Type-N TC.
The readings from both TCs were recorded on an NI-9214 +
TB-9214 input module, connected to a cDAQ-9171, then linked
via USB to a computer equipped with LabView software used
to read and record the data. Studies were typically performed at
a constant field value while the furnace was ramped through a
series of setpoints in a manner replicating the protocols used for
the induction furnace work, with the exception that the
minimum-maximum setpoints were 300 °C — 900 °C. The data
are shown in Fig. 5 as a function the measured temperature at
zero-field (Tn(0)), compared to the measured temperature at a
static positive field (Tx(B)), and normalized to Tn(0). Once
more, the trends do not appear to be systematically correlated
to an increase in applied field strength, though there is some
observable pattern at higher fields.

I1I. RESULTS AND DISCUSSIONS

A. Type-S response in magnetic fields — Induction Furnace

Since the zero-magnetic field response of the Type-S TC was
used by the temperature controller, the power required to
maintain thermal equilibrium at the setpoints was analyzed, see
Fig. 4. The maximum deviation from the zero-field in power
supplied occurs at 7 T at 900 °C (neither the maximum
temperature measured, nor the maximum field explored). While
a consistent trend is difficult to define, there is a greater
difference in response of the Type-S due to field as temperature
increases from 500 °C to 700-900 °C, and then a return to lower

levels of response at 1000 °C, similar to the response for the
500 °C setpoint. This kind of response cannot be associated
with a monotonic increase of temperature or RF power.
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Fig. 5 The normalized difference in effective temperature

of the Type-N TC at zero and positive static magnetic field,
represented as a percent in the resistance furnace system.
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However, we present two possible, and potentially concurrent,
explanations. A crystallographic ordering of a Type-S
thermocouple has been observed at 150 °C and 600 °C [22],
where the sign of the EMF variance due to the ordering is
opposite of that caused by rhodium experiments performed at
static applied field with increasing temperature each time.
Rh,03 formation may cause the deviation in the 700 and 900 °C
data. Additionally, Rh,O3; has a gradual allotropic phase
transition (hexagonal — orthorhombic) between 900-1000 °C,
which may partially account for the non-monotonic behavior
[23, 24].

B. Type-N response in magnetic fields — Resistive Furnace

The radial position of the Type-N TC, which was offset from
the concentric center, resulted in long thermal relaxation times,
and consequently, the power supply output possessed large
variance when moving from setpoint to setpoint. Nevertheless,
the data indicates almost no response due to the applied
magnetic field for temperatures above the Curie point (427 °C)
of Alumel [3], Error! Reference source not found., in which
the value plotted is the mean of thirty consecutive data collected
at each set point.

C. Type-K response in magnetic fields

The magnetic field effects on the response of a Type-K TC
were studied in both induction and resistive furnace
configurations, and the combined results are shown in Error!
Reference source not found..

Notable is the linear data, collected continuously during a
magnet ramp-down from 7 T to 0 T (Fig. 6-pink curve). The
linear data is opposed to the individual data points, determined
at stable field as temperature was ramped. The linear data
collection eliminates contributions from effects caused by
susceptor heating, overshoot, and stabilization, but it clearly
results in a greater temperature difference from 0 T (as
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compared to the temperature-stable data shown in red at
1000 °C).
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Fig. 6 The normalized difference in effective temperature
of the Type-K TC at zero and positive static magnetic field,
represented as a percent. Uncertainty levels are shown or are
smaller than the size of the symbols.

Iv. CONCLUSIONS

The data indicate that, at temperatures above material Curie
temperatures and in parallel orientation to the field, Type-K
TCs possess a positive (increasing response) in a field-
dependent deviation, Fig. 6, compared to Type-S TC in an
induction system, Fig. 4, and a Type-N TC in a resistive
furnace, Fig. 5. The trends suggest the influence of a static
magnetic field is weak below 2 T and induces a detectable,
approximately linear effect at higher values as magnetic field is
increased. Additionally, both heating scenarios show the
greatest deviation of the Type-K TC at the lowest measured
temperature, with the deviation decreasing as the temperature
increases. This result may be due the rapid decrease of heat at
distances moving away from the hot zone. Lower-temperature
hot-zones will cause a thermal gradient that reaches the Alumel
Curie temperature (154 °C) physically closer to the hot zone,
resulting in an increased length of the thermocouple wire that is
responsive to the applied field, whereas higher-temperature hot-
zones result in less of the wire being both below the Curie
temperature and within the applied magnetic field. An
additional observation is that at similar temperatures, the
deviation from zero-field readings is reduced in the resistive
furnace compared to induction heating, suggesting the presence
of RF fields may be contributing.

It is recommended that any thermomagnetic process design
carefully weighs the presented options. In induction scenarios,
if temperature accuracy is necessary within 6 °C, it is necessary
to use either the Type-S or the more affordable Type-N
thermocouple, though Type-N was not evaluated against the RF
fields. However, it remained stable in resistive heating
scenarios up to the maximum temperature and fields. In the
same vein, in resistive heating scenarios, if accuracy is
necessary within 3 °C, Type-S or Type-N is recommended.

However, should Type-K be the only available option and
accuracy within the 6 and 3 °C ranges is allowable, Type-K can

be utilized in fields of 9 T and 1000 °C so long as it remains
parallel to the applied field. Deviation of Type-K from the
Type-S or Type-N temperature is particularly limited below 2
T fields.
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