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Abstract
The environmental conical nozzle levitator (E-CNL)with dual-wavelength lasers
is an extreme environment materials characterization system that was designed
to investigate ultra-high-temperature materials: refractory metals, oxides, car-
bides, and borides above 3000 K in a controlled atmosphere. This article details
the characterizations using this system to establish its high-temperature capabil-
ities and to outline ongoing work on materials under extreme conditions. The
system has been used to measure the melting point of several oxide materials
(TiO2, Tm = 2091 ± 3 K; Al2O3, Tm = 2310 ± 3 K; ZrO2, Tm = 2984 ± 31 K;
and HfO2, Tm = 3199 ± 45 K) and several air-sensitive refractory metals (Ni,
Tm= 1740± 10K;Ti, Tm= 1983± 16K;Nb, Tm= 2701± 12K; andTa, Tm= 3368± 24 K—note: mean ± standard deviation) during levitation which matched
literature values within 0.17–2.43 % demonstrating high accuracy and preci-
sion. This containerless measurement approach is critical for probing properties
without container-derived contamination, and dual-wavelength laser heating
is essential to heat both relatively poor electrical conductors (some refractory
metals and carbides) and insulators (oxides). The highest temperature achieved
utilizing both lasers in these experiments was ∼4250 ± 34 K on a 76.6 mg,
molten HfO2 sample using a normal spectral emissivity of 0.91. Stable levita-
tion was demonstrated on spherical samples (yttria-stabilized zirconia) while
adjusting levitation gas composition from pure oxygen to pure argon, verifying
atmospheric control up to 3173 K on solid or molten samples. These successes
demonstrate the viability of in situ high-temperature environmentally controlled
studies potentially up to 4000Kon all classes of ultra-high-temperaturematerials
in one system. These measurements highlight the E-CNL system will be essen-
tial for the development of next-generation ultra-high-temperature materials for
hypersonic platforms, nuclear fission and fusion, and space exploration.
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1 INTRODUCTION

The future of many aspects of technology will require
new ultra-high temperature ceramics (UHTCs): materi-
als with operating temperatures above 2273 K.1,2 Travel
within our solar system will require next-generation heat
shields that can withstand both high temperatures and
highly reactive environments. For example, re-entry tem-
peratures on Mars and Venus are estimated to be ∼1573
K3 and ∼3023 K4 respectively; atmosphere will add to the
burden of the heat shieldmaterials. Re-entry temperatures
experienced on Earth can reach temperatures of∼ 2273K.5
Future propulsion systems will require operating tempera-
tures up to∼2700K,6 such as Nuclear Thermal Propulsion
(NTP) systems,7whichwill reduce travel time toMars from
Earth by ∼75%. Conventional propulsion, like that used
for the perseverance 2020 mission, took ∼200 days8 com-
pared with the proposed NTPwhichwould take∼45 days.9
Future energy systems required to fuel life on Earth will
require materials to operate up to ∼1800 K. The very high-
temperature reactor (VHTR), a fourth-generation nuclear
reactor, will operate at ∼1773 K.10 Fusion reactors11 will
require materials to operate above 1573 K while being
exposed to fast neutron energy on the order of 14MeV.12
Research on UHTCs is hampered by two factors: (1)

unwanted chemical reactions that interfere with process-
ing, and (2) difficulty heating them to the temperatures of
interest. An additional practical issue is the measurement
of temperatures above ∼3000 K and the lack of high-
temperature materials emissivity data in the literature.
Thus, to design engineeringmaterials to operate in these

extreme environments, engineers, and scientists need
access to high-temperature materials diagnostic tools.
This led to the development and utilization of high-
temperature graphite furnaces that heat samples up to
∼3273 K. These systems can be coupled with mechanical
testing13–16 and dilatometry17,18 along with other materi-
als diagnosticmeasurements. Rudy et al.19–21 used graphite
furnaces with induction heating (Pirani-furnace19) tomea-
sure melting points of refractory materials up to ∼4000
K.While graphite-based furnaces have become ubiquitous
with high-temperature materials characterization, there
are thermodynamic material constraints that can limit the
maximum temperature during experiments. For example,
ZrB2, a commonly studied ultra-high temperature mate-
rial, forms a eutectic with carbon (graphite) at 2663 K21.
This eutectic leads to the formation of a liquid phase that
interferes with themeasurement and can damage graphite
crucibles and graphite furnaces. This leaves the upper tem-
perature for material study to be limited well below the
measured melting point of ZrB2 (3323 K 22). While the
Pirani-furnace used by Rudy et al.19–21 in the 1960s–1970s
was able to measure the melting point of materials like

HfB2 (Tm = 3653 K22) and HfC (Tm = 4173 K20), it was
not able to probe these materials in the liquid state itself.
This led to the development of high-temperature contain-
erless methods that avoid all sample contact (and thus
contamination) from the container, overcoming the inher-
ent challenge with conventional graphite furnaces. These
containerless methods also allow for materials diagnostics
on high-temperature liquid phases.
High-temperature containerless methods have been

widely used to study materials and include techniques
like (1) electromagnetic levitation (EML),23,24 (2) electro-
static levitation (ESL),25–29 (3) acoustic levitation,30–33 and
(4) aerodynamic levitation.34–36 In addition to avoiding
chemical contamination, the use of these containerless
sample environments avoids extrinsic heterogenous nucle-
ation of crystals. This enables supercooling of liquids often
by several hundreds of degrees below their equilibrium
melting points. These systems have been used to mea-
sure thermal expansion,37–39 phase transformations,37,38,40
creep,41,42 melting points,43–45 surface tension,33,46–50 and
viscosities32,45–49 at high temperatures. The systems that
are currently in operation have been optimized for either
oxide or metallic materials, and the highest reported tem-
peratures are ∼3773 K51 on oxide systems in oxygen using
aerodynamic levitation and∼3673K on non-oxide systems
in inert atmospheres41,52 using ESL. More information
on levitation techniques can be found in the following
reviews.53–56
The environmental controlled conical nozzle levitator

(E-CNL) equipped with dual-wavelength lasers (CO2 and
Yb) is an aerodynamic levitation systemdesigned in collab-
oration with Materials Development Inc. (MDI) to study
ultra-high temperature materials and UHTCs (both oxide
and non-oxide) in a controlled (varying gas composition),
containerless environment, up to and beyond ∼4000 K.
The E-CNL addresses the two key problems with studying
UHTCs.ManyUHTCs and ultra-high-temperaturemateri-
als of interest can have a range of electrical conductivity at
various temperatures. Poor electrical conductivity at low
temperatures precludes effective use of radio frequency
heating. Directed energy (laser) beam heating is an attrac-
tive solution because it can provide localized deposition
of energy. However, insulators typically absorb well in the
mid-infrared range (e.g., CO2 laser, 10.06 µm) while more
metallic materials reflect these wavelengths. Conversely,
shorter infrared wavelengths (e.g., Yb-fiber laser 1.06 µm)
are absorbed well by conductive materials but poorly by
insulators. By combining both of these lasers in a way that
allows controlled application of two wavelengths, many of
the heating issues that cannot be addressed by simply using
a single higher-powered laser can be avoided. The use of
aerodynamic levitation provides containerless heating and
completely avoids contact with other materials. As shown
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in prior work, this approach avoids contamination due to
container interactions.
This article describes the E-CNL system and a series

of key characterization experiments to verify the system’s
capabilities. The following sections demonstrate that the
E-CNL has: (1) successfully measured the melting points
of refractory oxides (insulator, high emissivity materi-
als) and refractory non-oxides (conductive, low emissivity
materials) to within 0.17–2.43 % of reported literature val-
ues, showing high-temperature accuracy, (2) successfully
achieved amaximumoperating temperature of∼4250± 34
K,measured using a speciallymade high-temperature pyro
pyrometer (Pyrofiber II—Pyrometer LLC) on a molten
76.6 mg HfO2 sample with a normal spectral emissivity
(NSE) of 0.91 (λ = 0.65 µm),57 and (3) successfully con-
trolled the levitation gas environment (oxygen to argon)
at temperatures upwards of 3173 K on either solid or
molten samples while maintaining a relatively stable tem-
perature. These capabilities will enable a series of novel
high-temperature experiments within the E-CNL system
up to 4000 K, such as (1) high-temperature diffusion
experiments and (2) high-temperature solid-gas reactions
(oxidation experiments), which will be essential for next
generation high-temperature-integrated material systems.
This is a novel testing apparatus using proven meth-

ods for high temperature measurements. The combined
use of levitation, atmospheric controls, dual laser heating,
and dual pyrometers enables measurements of a variety
of materials to high temperatures in a precisely controlled
atmosphere. These capabilities demonstrated in the E-
CNL system will be essential for the characterization of
the ultra-high temperature materials which will be neces-
sary for future galactic travel and energy generation here
on Earth.

1.1 E-CNL equipped with
dual-wavelength lasers instrument design

The E-CNL system is equipped with dual 400 W CO2
(10.6 µm; Synrad) and 500WYb (1.07 µm) (IPG Photonics)
lasers (Figure 1). This systemutilizes an IR-CAS8CS 0.9 µm
pyrometer (1000–3800 K, specified instrument error [0.5%
error below 1773 K, 1% error between 1773 and 2273 K, 2%
error above 2273 K],58 100 Hz, 190 mm working distance;
Chino Corporation) and a high temperature Pyrofiber II
0.65 µm pyrometer (2800 – 5000 K, specified instrument
error [±3 K],59 35 Hz, 200mm working distance) (Pyrom-
eter LLC) for noncontact measurement of sample surface
temperature. These pyrometers were selected to operate at
wavelengths (0.9 and 0.65 µm) that would minimize inter-
ference with the CO2 (10.6 µm) and Yb fiber (1.07 µm)
lasers whilemaintainingmeasurement accuracy. The sam-

ple can be observed using a KP-D20AU camera (Hitachi
Kokusai Electric America) equippedwith a TG10Z0513FCS
auto-iris lens (Computer CBCAmerica). Sample levitation
is achieved using a conical nozzle where inlet gas flow is
controlled by two 2000 SCCM GE50A013203SBV020 gas
flow controllers (MKS Instruments Inc.). The gas flow
controllers, pyrometers, and lasers are integrated and con-
trolled via a custom LabVIEW (National Instruments)
software program developed by MDI. For oxygen-sensitive
samples, the chamber is connected to a roughing pump
vacuum system, capable of achieving a vacuum of ∼0.005
atm, to remove residual air. The chamber can then be
backfilled with ultra-high purity argon passed through
a MC-1-902 room-temperature catalytic getter (Entegris)
specified to achieve a partial pressure of oxygen as low
as 10−9 atm (1 ppb). This chamber is also equipped
with a pressure relief system and rapid chamber filling
valve. Thus, refractory metals, carbides, and borides can
be formed into beads60,61 and levitated43 in an inert gas
stream, preventing sample-container reactions.
The ideal samples for levitation are ∼2–3 mm diameter

spheroids. These samples can be fabricated via a vari-
ety of forming techniques: (1) laser hearth melting,62 (2)
vibrating table,60,61 (3) gel casting,39 and (4) machining.
The hearth melting method involves heating powdered
samples in a copper hearth using a laser, which forms
a sphere from the melts surface tension.62 The vibrating
table method involves forming a slurry using powder, a
binder (methyl cellulose), a dispersant (Ammonium Poly-
methacrylate Darvan C-N), and a solvent (water) and plac-
ing this slurry on a vibrating table with enclosed walls at
∼70 Hz.60,61 This causes the slurry to bounce and deform,
thereby forming a spherical shape that requires drying
and calcination. Gel casting involves forming a slurry with
powder, a polymer, a cross-linking agent, and water which
is drop-cast into a hot silicone oil with a surfactant. These
samples are then calcined.39 The machining method typi-
cally involves grinding or turning a rod or preform tomake
a spherical sample. The samples used in this study were
commercially purchased or synthesized via the vibrating
table method using 90 kD (Hydroxypropyl)methyl cellu-
lose (Sigma-Aldrich) and Ammonium Polymethacrylate
solution Darvan C-N (Vanderbilt Minerals, LLC). Key
flow characteristics of aerodynamic levitation were ana-
lyzed by Nordine and Atkins.63 For more details regarding
these processing conditions, please refer to references:
39,60–63. Ceramic solid oblate spheroids at∼3200Kcanhave
temperature gradients up to ∼500 K/mm (depending on
processing), which can be reduced to ∼15 K/mm if the
sample is a perfect dense sphere that rotates on all axes,
distributing the heat over the materials surface. When
molten, this temperature gradient can be reduced to ∼5
K/mm through forced convection.61 Porous samples can
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4 THORPE et al.

F IGURE 1 Schematic and photo of the environmentally controlled levitation (E-CNL) system equipped with dual wavelength 400W
CO2 (10.6 µm) and 500WYb (1.07 µm) lasers.

be levitated and melted; however, porous samples exhibit
higher temperature gradients in the solid state compared
with dense samples.

1.2 Demonstration of E-CNL
capabilities

The E-CNL system was designed to study ultra-high tem-
peraturematerials: refractorymetals, carbides, and borides
at high temperatures. To validate the high temperature
capabilities of the system, a series of high temperature
experiments were conducted as discussed below. These
include: (1) high-temperature melting point experiments
to verify accuracy in temperature measurements, (2) high
temperature dual wavelength laser experiments to verify
the maximum temperature achieved in the system, and
(3) environmental control experiments to verify levita-
tion gas control while maintaining temperature. In these
experiments, a sample is loaded onto the nozzle, and if
necessary, the chamber is evacuated using a roughening
pump and refilled with gas. The levitation gas is flowed at

an appropriate rate to levitate the sample, the pyrometers
and lasers are aligned to single point on the sample, then
the lasers are turned on and slowly increase in power until
the desired temperature is reached.

1.3 Melting point verification

As with any instrument, standards are required to verify
the properties measured. Here, the E-CNL is used to mea-
sure the melting point of four oxides and four nonoxides
with knownhigh-temperaturemelting points. Thesemate-
rials are listed, along with their literature-reportedmelting
points and NSE in Table 1.
Under appropriate conditions (e.g., rapid cooling, stably

levitating sample), materials brought to a liquid state can
remain liquid at temperatures below their melting point
temporarily existing in an undercooled state. The tem-
perature of these samples will then rise suddenly as they
solidify due to the release of the latent heat of fusion, a
phenomenon known as recalescence.64 In this work, the
melting temperature is determined by the recalescence
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THORPE et al. 5

TABLE 1 Literature melting point compared with measured melting point using room temperature literature normal spectral emissivity
(NSE) (𝜆 = 0.9 𝜇m). Multiple melting points in the literature are tabulated to show the spread in the measurements. The melting point
selected for direct comparison was based on the reported impurities and the techniques used in the measurements (Supporting information
S2).

Materials

Literature melting
points (K)
(underlined values
used in Figure 2 and
to calculate
accuracy)

Measured melting
point (K) (mean ±
standard deviation
[pyrometer error]
[n = trials])

Accuracy (comparison
to the underlined
literature value) (%)

Literature NSE
(𝝀 = 𝟎.𝟗 𝝁𝐦)

TiO2 2143 ± 1571 2091 ± 3 (18) −2.43 0.87* 73

2113 ± 1072 [n = 9]
Al2O3 2327 ± 674 2310 ± 3 (46) –0.73 0.9377,78

2327 ± 675 [n = 10]
2344 ± 2076

ZrO2 2973 ± 3079 2984 ± 31 (59) 0.37 0.87**81

2979 ± 2057 [n = 6]
2963 ± 3080

HfO2 3123 ± 2082 3199 ± 45 (64) 2.43 0.6983

3173 ± 3080 [n = 5]
3073 ± 3079

3076 ± 1574

Ni 1728 ± 384 1740 ± 10 (7) 0.69 0.3186,87

172685 [n = 6]
Ti 1943 ± 588 1983 ± 16 (16) 2.06 0.3992,93

1941 ± 1089 [n = 6]
193390

192391

Nb 2750 ± 1094 2701 ± 12 (54) –1.78 0.31***98,99

2740 ± 2095 [n = 4]
274996

274197

Ta 3290 ± 2095 3368 ± 24 (67) 2.37 0.19101

3269 ± 7 100 [n = 7]
*NSE at 2250 K.
**NSE at 2273 K.
***NSE at 1000 K.

peak observed through cooling trace experiments.30,65 This
involves using the CO2 and Yb lasers to heat the spherical
levitating samples until they are completely molten while
the Chino pyrometer (0.9 µm) measures the surface tem-
perature. Due to the absorbance of the samples, the CO2
laserwas primarily used to heat oxides (insulators), and the
Yb fiber laser was primarily used for the non-oxide (con-
ductors) samples. When the CO2 and Yb fiber lasers are
turned off, the levitating sample cools rapidly, undergoing
recalescence. The recalescence is observed as a heat effect
in the thermogram as represented in Figure 2 where the
arrest in cooling is a result of a phase change from liquid
to solid.

To accurately determine the surface temperature of sam-
ples used in this study, two corrections are applied to
the pyrometer measurements: (1) system corrections that
account for pyrometer lens, observation angles, and work-
ing distances and (2) material-specific corrections such as
the material’s emissivity.
System corrections involve using the Lambert-cosine

rule (Equation (1)) and Fresnel equation (Equation (2)).
Since the working distance of the pyrometer was suffi-
ciently large (190mm), the effect of the angle as exhibited
by the Lambert-cosine rule (Equation (1)) was negligible
and could be ignored allowing the use of NSE values for
correction. Further corrections were applied to account for
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6 THORPE et al.

F IGURE 2 Representative cooling traces of oxides (TiO2, Al2O3, ZrO2, and HfO2) and non-oxide materials (Ni, Ti, Nb, and Ta) collected
using the E-CNL system. The melting point is determined by the recalescence observed during cooling from the melt. The time along the
x-axis was set to zero at the start of recalescence, which was defined as the first positive change in slope. The red dashed line represents the
mean melting point, and the red shaded area represents one standard deviation of n trials. The black dashed line is the value reported in the
literature (Table 1). The apparent temperature (Tapp) is the pyrometer reading. This is corrected using Equations (1)–(3), using the NSE from
the literature (Table. 1). The data for all materials and their trials are provided in the Supporting information (S2).
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THORPE et al. 7

emitted light from the sample passing through each glass
surface (Equation (2)). The light emitted from the sample
passes through two BK7 optical glass windows for a total
of four surfaces before reaching the pyrometer detector.66
Using Equation (2) the reflectivity for each surface at
0.9 µm is approximately 4%. This results in an effective
transmission of 85%. This value is applied in Equation (3)
as a coefficient to the NSE.

εNSE = 𝜀𝜆 cos𝜃. (1)

Equation 1: Lambert-cosine rule where 𝜀NSE is the cor-
rected NSE, 𝜀𝜆 is the angular spectral emissivity, and θ is
the observation angle to the surface normal.67

𝑅𝜆 = (𝑛𝜆 − 1)2 + 𝑘𝜆2(𝑛𝜆 + 1)2 + 𝑘𝜆2 . (2)

Equation 2: Fresnel equation used to determine tem-
perature correction for chamber and pyrometer windows.𝑅𝜆 is the reflectivity for a given wavelength. 𝑛𝜆is the index
of refraction for the given surface at the given wavelength.𝑘𝜆is the extinction coefficient for a givenmaterial at a given
wavelength. The extinction coefficient is often negligible
for sufficiently thin windows. More information can be
found in the Supportng information (S1).
The value measured by the pyrometer (apparent

temperature—Tapp) is corrected based on the instrument
corrections (discussed above) and the sample’s emissivity.
The correction is done using the modified Wein’s approxi-
mation to Planks law as shown in Equation (3). In order to
use Equation (3) to correct the apparent temperature, the
emissivity must be determined at the pyrometers specified
wavelength. Full calculations for temperature correction
can be found in the Supporting information (S1).

1𝑇abs = 1𝑇app + 𝜆 ln 𝜀C2 . (3)

Equation 3: Wien’s equation, where Tabs and Tapp are
the absolute (corrected) and apparent (as measured) tem-
perature measured in K, 𝜆 is the pyrometers operating
wavelength in µm(0.9 µmfor theChino pyrometer, 0.65 µm
for the Pyro pyrometer), 𝜀 is the unitless emissivity at
the pyrometer wavelength, and C2 is the second radiation
constant of 14388 µm K.
Commercially manufactured beads of 3 mm aluminum

oxide (99.8 %), 3 mm nickel (99.0 %), 3 mm titanium (99.6
%), 4mmniobium (99.9%) (Goodfellow), and 2.73mm tan-
talum (99.77 %, X-medics) were purchased, while 3 mm
titanium dioxide (99.8 %), zirconium dioxide (99.99 %),
and hafnium dioxide (98 %) (Sigma-Aldrich) beads were
fabricated using the vibrating table method.60,61

The oxides (TiO2, Al2O3, ZrO2, andHfO2) were levitated
in simulated air (80 % Ar/20 % O2), while the air-sensitive
non-oxide (Ni, Ti, Nb, and Ta) materials were levitated
in ultra-high purity Ar passed through the oxygen getter.
NSE values were chosen from literature at room temper-
ature unless otherwise specified, at the Chino pyrometer’s
wavelength (0.9 µm).Many factors can affect the emissivity
of a sample including surface roughness,68 measurement
angle,69 presence of oxygen vacancies and impurities,70
and temperature. The key sample measurement is taken
at the melting point upon freezing after being molten and
supercooled. For these melting point measurements, the
surface roughness is comparable as they all result from
quenching from the melt. Table 1 contains the literature
NSE used for temperature correction.
For each material, several trials (4 ≤ n ≤ 10) were

analyzed. For each trial the series of data points where
the temperature is nearly constant at the melting point
after freezing were averaged. This value was taken as the
melting point for each trial. The mean of those trials
was determined as the measured melting point for each
material. The standard deviation between the trials is rep-
resented as the light red bands in Figure 2 (±1 standard
deviation). To represent the cooling traces for each mate-
rial a single representative trial was plotted in Figure 2.
The data for each trial can be found in the Supplementary
information (S2).
The accuracy of a measurement is related to how

close a measurement is to the true value, whereas the
precision of a measurement is related to the measurement
reproducibility. The error in measured temperature when
using the Chino pyrometer is 0.5% between 1273 and 1773
K, 1.00% between 1773 and 2273 K, and 2.00 % above 2273
K.58 When comparing the measured mean melting point
values with the literature the accuracy is 0.69–2.45%. This
is in the range of error of the Chino pyrometer indicating
the measurements are at the limit of the instrument’s
capability. The standard deviations in measured melting
point range from 3–45 K indicating the high precision
and reproducibility of the measurements. The form of
the recalescence feature is the key factor for the precision
of the melting point measurement. The cooling traces
demonstrated by TiO2 (Tm = 2091 ± 3 K) and Al2O3
(Tm = 2310 ± 3 K) (Figure 2A, B) have high precision due
to the pronounced recalescence feature. Comparably, the
cooling traces demonstrated by HfO2 (Tm = 3199 ± 45 K)
and ZrO2 (Tm = 2984 ± 31 K) (Figure 2C, D) have lower
precision with a less pronounced recalescence feature.
This observation is independent of the magnitude of the
melting point of the material as Ta (Tm = 3368 ± 24 K)
and Nb (Tm = 2701 ± 12 K) (Figure 2G, H) demonstrate
relatively high precision with pronounced recales-
cence features. The relatively low standard deviation in
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8 THORPE et al.

measured melting points demonstrates the E-CNL system
can successfully measure the melting points of both oxide
(insulator) and non-oxide (conductor) materials. This is
significant as it demonstrates that when measuring melt-
ing points of air-sensitive, non-oxide materials, the partial
pressure of oxygen within the system is low enough to not
shift the measured melting point values far from literature
values. The mean ± standard deviation measured in the
experiments are summarized in Table 1.
In situ high-temperature NSE data up to melting at

the pyrometer’s wavelength is sparse in the literature.
Thereby a degree of discrepancy between the emissiv-
ity value used for the correction and the true emissivity
of the sample can arise. To overcome this, some use
multi-wavelength pyrometers (e.g., two-color pyrometers
and/or spectropyrometers) for in situ temperature correc-
tion. While useful, these systems are still not perfect. This
temperature correction assumes that the emissivity is not a
function of wavelength (a grey body), an assumption that
is not valid for all materials. In multiwavelength pyrom-
eters where many channels (wavelengths) are used, the
acquisition time increases. Absorption-corrected pyrome-
ters can also be used. These pyrometers will measure the
samples’ absorption using a laser to determine the spec-
tral emissivity at the wavelength of the laser in situ. Again,
although useful, these systems are not perfect as emis-
sivity has angular dependence and some samples can be
partially transparent to the incoming laser’s wavelength.
Some of the best high-temperature measurement work
was completed by Rudy et al.19–21 in the 1960s–1970s.
Rudy19–21 utilized a Pirani furnace to heat conductive sam-
ples to ∼4000 K using joule heating. Temperature was
measured by drilling black body cavities into the samples.
The black body cavities were designed to exhibit an emis-
sivity approaching 1.00 regardless ofmaterial, reducing the
emissivity correction problem. However, black body holes
can only be used for uniform temperature, solid samples.
To illustrate the relationship between NSE error and its

effect on measured temperature error, Equation (3). was
used to produce Figure (3). This figure shows how an error
in NSE will propagate to an error in temperature. For a
selected NSE, absolute (Tabs) and apparent (Tapp) temper-
atures were calculated. Then, varying NSE values were
chosen, and using the same apparent temperature values,
absolute values were calculated. The error in absolute tem-
perature determination is then plotted at each temperature
for each NSE. Figure 3A is for high NSE materials, like
oxides, where the emissivities of TiO2 (0.87, black line) and
HfO2 (0.69, dashed line) are plotted. Figure 3B is for low
NSE materials like metallic materials, where the emissiv-
ities of Ta (0.19, black line) and Ti (0.39, dashed line) are
plotted. The colored plots represent how the error in tem-
perature will change if there is an error in emissivity. For

TABLE 2 Literature normal spectral emissivity (NSE) values
compared with estimated NSE values based on the mean measured
melting point shown in Table 1.

Material
Literature NSE
(𝝀 = 𝟎.𝟗 𝝁𝐦)

Estimated NSE
at melting
(𝝀 = 𝟎.𝟗 𝛍𝐦)

Difference in
NSE
(𝝀 = 𝟎.𝟗 𝛍𝐦)
(%)

TiO2 0.87*73 0.72 –17.24
Al2O3 0.9377,78 0.88 –5.38
ZrO2 0.87**81 0.89 2.30
HfO2 0.6983 0.78 13.04
Ni 0.3186,87 0.33 6.45
Ti 0.3992,93 0.46 17.95
Nb 0.31***98,99 0.28 –9.68
Ta 0.19101 0.21 10.53

*NSE at 2250 K.
**NSE at 2273 K.
***NSE at 1000 K.

example, in Figure 3A, the blue solid line represents an
NSE of 0.87 minus 25% (=0.6525), while the blue dashed
line represents an NSE of 0.69 minus 25% (=0.5175). Note
that NSE values >1 are not represented on these plots (this
occurs when adding a percentage onto a high NSE num-
ber, e.g., 0.87 plus 25%). The difference in the selected NSE
is shownby the shaded regions. The size difference in these
areas is not related to non-oxide or metallic materials but
rather comes from the values of NSE selected to plot (i.e.,
0.87 and 0.69 in Figure 3A). A key observation is that the
error in NSE diverges as temperature increases, meaning
that the same error in NSE will lead to an increase in error
in the measured temperature as the temperature of the
object increases.
If the literature melting point is taken as the reference

value, the NSE of the samples being studied can be calcu-
lated (estimated) at the melting point, at the pyrometer’s
wavelength of 0.9 µm. These values along with their per-
centage difference to room temperature literature values
are summarized in Table 2. These values are plotted in
Figure 3A, B. The absolute difference in estimated NSE
at melting compared with literature NSE is 2.30–17.95%.
Materials that were observed to have notably high discrep-
ancies in NSE include Ti (17.95%), HfO2 (13.04%), and TiO2
(−17.24%). Also note, that this discrepancy corresponds to
ameasuredmelting point difference (whenusing literature
NSE) for Ti (2.06% melting point difference), HfO2 (2.43%
melting point difference), and TiO2 (−2.43%melting point
difference). This result and the analysis in Figure 3 are
both helpful and hopeful in highlighting that NSE errors
on the order of 17% will only result in melting point errors
2.06–2.43%, whereas the accuracy of the Chino pyrometer
is 1–2% at these temperatures. Similar errors in NSE and
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THORPE et al. 9

F IGURE 3 The error in temperature is associated with varying degrees of error in normal spectral emissivity (NSE) (𝜆 = 0.9 𝜇m). (A)
shows high NSE (oxide) materials while (B) shows low NSE (non-oxide/metallic) materials. The difference in literature and calculated NSE at
the melting point as shown in Table 2 is plotted to highlight the percent error in temperature. Note that NSE values >1 are not represented.
These plots were produced using Equation (3). The data points used in this plot can be found in the Supporting information (S3).

temperature measurement as observed with these materi-
als and shown in Figure 3 will likely be observed in other
systems depending on the available or obtained emissivity
values.
Figure 3 illustrates the degree towhich a change in emis-

sivity affects melting temperature measurements made by
the E-CNL using this pyrometry technique. More accu-
rate measurements could be made using NSE values at
elevated temperatures, but these values are not always
available for all materials. Correction for the emissivity
of a sample is necessary for pyrometry measurements.
Pyrometry is the primary method used for measuring tem-
peratures approaching and above ∼2600 K as even high
temperature thermocouples tend to degrade due to diffu-
sion across the junction. The purpose of Figure 3 is to
show how NSE affects the measured temperature using
the correction method in the study. All uncorrected val-
ues equivalent to NSE equal to 1 are reported in the
supplemental information.

1.4 Highest temperature observed in
the E-CNL system (425 ± 34K)

When using the E-CNL system to study the highest-
temperature materials, it is important to understand the
highest achievable temperature. Validating temperature
measurements above ∼3700 K becomes difficult as the
number ofmaterialswith reliablymeasuredmelting points
is very limited. To assess these higher temperatures, a cus-

tom Pyrofiber II 0.65 µm (2800–5000 K, specified instru-
ment error [±3 K],59 35 Hz, 200 mm working distance;
Pyrometer LLC) pyrometer was used, which is calibrated
to measure temperature up to 5000 K.
To date, the highest temperature measured using the

Pyrofiber II pyrometer was 4250 ± 34 K on a HfO2 sample
NSE 0.9157 𝜆 = 0.65 𝜇m. Thiswas achieved by heating the
sample using the Yb fiber laser (1.07 µm) at 60% power and
the CO2 laser (10.6 µm) at 50% power. Figure 4 shows the
heating and laser power procedure, along with the mea-
sured surface temperature. The laser power was increased
to heat the sample. Once the sample temperature began
to decrease, the lasers were turned off and the experiment
concluded. The HfO2 sample was 76.6 mg at the start of
the experiment. At higher temperatures, the sample began
rapidly evaporating and was 62.6mg after the experiment.
While this measurement is significant and highlights

that the E-CNL system can achieve exceptionally high
temperatures, more work is required. The next series of
experiments to be conducted will be to measure the melt-
ing points of a series of di-borides: TiB2 (Tm = ∼3193
K22) ZrB2 (Tm = ∼3323 K22), NbB2 (Tm = ∼3323 K22),
HfB2 (Tm = ∼3513 K22), TaB2 (Tm = ∼3473 K22, carbides:
TiC (Tm = ∼3340 K20), ZrC (Tm = ∼3784 K102), NbC
(Tm = ∼3886 K20), HfC (∼4201K20) TaC (Tm = ∼4168
K20) and the highest estimated melting point materials
Ta0.8Hf0.2C (Tm = ∼4178 K103) and Hf(C,N) (Tm = ∼4135
K104). These experiments will be challenging, exciting, and
impactful for three key reasons: (1) the melting points of
these materials are not well established as there are only
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10 THORPE et al.

F IGURE 4 The highest temperature achieved by this system,
4250 ± 34 K, on a HfO2 sample as determined by the Pyrofiber
(0.65 µm) pyrometer with NSE 0.91.57 Heating was achieved using
the CO2 laser (10.6 µm) the Yb fiber laser (1.07 µm) simultaneously.
The data for this cooling trace can be found in the Supporting
information (S4).

a few measurements in the literature, (2) the emissivity of
these materials are not well characterized with evidence
that some of these materials exhibit changes in NSE (0.29–
0.4 in ZrB2 𝜆 = 0.655 𝜇m)105 at high temperature, and (3)
their melting points are all high, with some approaching
the upper limit measured on HfO2 (4250 ± 34 K).

1.5 Environmental control during
experiments

The E-CNL systemwas designed to studymaterials in cou-
pled extreme environments: temperatures above ∼4000
K and in controlled atmospheres. This will enable high-
temperature diffusion experiments well above previously
studied temperatures and gas-based reactions such as
controlled oxidation in both the solid and liquid phases.
As demonstrated in Figure 5, the E-CNL system can

levitate solid andmolten samples in changing gas environ-
ments at stable temperatures >3000 K. A purchased 3mm
yttria-stabilized-zirconia sample [5 mol% Y2O3] (Good-
fellow) was levitated at 1000 cc/min total gas flow. The
samplewas held at a constant temperature in pureO2, pure
Ar, and a variety of changing gas ratios. The rate of chang-
ing gases did not dramatically affect the temperature of the
sample. To demonstrate this, the gas ratewas changed from
Ar to O2 and back to Ar in increments of 1%, 10%, 50%, and
100%. The sample was held at 1745 K (Figure 5A), 2700 K
(Figure 5B), and 3175 K (Figure 5C). For the 1745 K hold
(Figure 5A), the sample mean temperature was 1745± 16K

during the Ar hold, 1742 K ± 22 K during the O2 hold, and
1744K± 22Kduring the gas switching. For the 2700Khold
(Figure 5B), the samplemean temperature was 2703± 22K
during the Ar hold, 2699 K ± 19 K during the O2 hold, and
2701 ± 27 K during the gas switching. For the 3175 K hold
(Figure 5C), the sample mean temperature was 3174± 12K
during the Ar hold, 3175 K ± 16 K during the O2 hold, and
3179± 16Kduring the gas switching. Themelting tempera-
ture of yttria-stabilized zirconia [5mol%Y2O3] is 2973K106;
therefore, the sample was molten during the 3175 K hold.
The changing of gas ratios did not significantly affect

the temperature or levitation of the sample. This enables
experiments where samples can be exposed to changing
atmospheres while being heated. The atmosphere can be
selected to imitate air for the oxides, and to be inert for
the metals. Future experiments will leverage this capabil-
ity to examine the effects of oxygen on sensitive samples.
These studies are expected to use oxygen isotopes (18O)
to investigate diffusion in extreme-temperature materials.
Heavy oxygen can be introduced at high temperature to
oxide samples and allowed to diffuse. Those samples can
be characterized ex situ to determine oxygen diffusion
profiles and thus oxygen diffusion coefficients at high tem-
peratures. Further experiments could introduce oxygen to
oxygen-sensitive samples to observe high-temperature oxi-
dation. Future in situ emissivity measurements will be key
to determining the temperature as the composition of the
sample changes.

2 CONCLUSION

The E-CNL system has successfully measured the melting
point of several oxide materials (TiO2, Tm = 2091 ± 3 K;
Al2O3, Tm = 2310 ± 3 K; ZrO2, Tm = 2984 ± 31 K; and
HfO2, Tm = 3199 ± 45 K) and several air-sensitive refrac-
tory metals (Ni, Tm = 1740 ± 10 K; Ti, Tm = 1983 ± 16
K; Nb, Tm = 2701 ± 12 K; and Ta, Tm = 3368 ± 24 K—
note: mean ± standard deviation) during levitation which
matched literature values within 0.69–2.43%, demonstrat-
ing high accuracy and precision at high temperature. This
containerless measurement approach is critical for prob-
ing properties without container-contamination and the
dual wavelength laser heating is essential to heat both poor
electrical conductors (refractory metals and carbides) and
insulators (oxides).
The highest temperature achieved in the system was

∼4250 ± 34 K using an NSE of 0.9157 to characterize a
molten 76.6mg HfO2 sample.
Stable levitationwas demonstrated on spherical samples

(yttria-stabilized zirconia) while adjusting the levitation
gas composition from pure oxygen to pure argon, verifying
atmospheric control up to 3173 K on either solid or molten
samples.
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THORPE et al. 11

F IGURE 5 Controlled environment experiments performed on a YSZ (5mol% Y2O3) sample demonstrates the ability to maintain a
consistent temperature of the sample while varying the ratios of the levitation gas. The sample is held at 1745, 2700, and 3175 K in argon,
oxygen, and a combination of both gases. The data used for each of these plots can be found in the Supporting information (S5).

These successes demonstrate the viability of in situ high-
temperature environmentally controlled studies poten-
tially up to 4000 K for (1) high temperature diffusion
experiments and (2) high temperature solid-gas reactions
(oxidation experiments), both of which will be essential
for next-generation high temperature integrated material
systems. Material property measurements demonstrated
using the E-CNL will be essential for the development
of next generation materials for hypersonic platforms,
nuclear fission and fusion, and space exploration.
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