N

N

Development of a microfurnace dedicated to in situ
scanning electron microscope observation up to 1300 °C.
I. Concept, fabrication, and validation
Jérome Mendonca, Henri-Pierre Brau, Dorian Nogues, Antoine Candeias,
Renaud Podor

» To cite this version:

Jérome Mendonga, Henri-Pierre Brau, Dorian Nogues, Antoine Candeias, Renaud Podor. Develop-
ment of a microfurnace dedicated to in situ scanning electron microscope observation up to 1300 °C.
I. Concept, fabrication, and validation. Review of Scientific Instruments, 2024, 95 (5), pp.053704.
10.1063/5.0207466 . hal-04595296

HAL Id: hal-04595296
https://hal.science/hal-04595296

Submitted on 31 May 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-04595296
https://hal.archives-ouvertes.fr

Development of a microfurnace
dedicated to in situ Scanning Electron
Microscope observation up to 1300°C

Part |: Concept, fabrication and

validation

Jérdme MENDONCA 2, Henri-Pierre BRAU ', Dorian NOGUES 2,
Antoine CANDEIAS 2, Renaud PODOR'™

'ICSM, Univ Montpellier, CNRS, CEA, ENSCM, Bagnols-sur-Céze, France
2NewTec Scientific, 2 route de Sommiéres, 30820 CAVEIRAC

* Corresponding author
e-mail: renaud.podor@cea.fr
Tel: 00 (33) 04.66.33.92.02

Mailing addresses:

Dr Jérome MENDONGA
NewTec Scientific
2 route de Sommiéres
30820 CAVEIRAC

FRANCE

Henri-Pierre BRAU
Institut de Chimie Séparative de Marcoule

Site de Marcoule, Batiment 426



AIP
5‘:’: Publishing

BP 17171
F-30207 Bagnols sur Céze Cedex

France

Dorian NOGUES
NewTec Scientific

2 route de Sommiéres
30820 CAVEIRAC

FRANCE

Antoine CANDEIAS
NewTec Scientific

2 route de Sommiéres
30820 CAVEIRAC

FRANCE

Renaud PODOR

Institut de Chimie Séparative de Marcoule
Site de Marcoule, Batiment 426

BP 17171

F-30207 Bagnols sur Céze Cedex

France



Abstract: The development of a new heating system dedicated to in situ scanning electron
microscope (SEM) experimentation at high temperature is reported. This system, called
FurnaSEM, is a compact microfurnace enabling heat treatments up to 1300°C. The choice of
materials for the microfurnace is explained. The design of the microfurnace is optimized by
iterations of numerical simulations, and the thermal characteristics of the microfurnace are
calculated numerically. The numerical results obtained are compared with the thermal
characteristics of a manufactured microfurnace, measured on a specially developed dedicated
test bench. This test bench includes a working chamber simulating a SEM chamber equipped
with a thermal camera. The results obtained during various qualification tests enabled us to
determine the main technical characteristics of the FurnaSEM microfurnace: temperature
profiles on the sample support surface, energy consumption at high temperature and the range

of achievable thermal cycles.
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1. Introduction

The in situ study of material behavior during heat treatment is a key approach to a detailed
understanding of their reactions and transformations under service conditions, which can be
addressed by various analytical techniques [1,2,3,4,5,6]. To achieve this, it is often necessary
to develop specific heating devices adapted to the requirements [7,8,9,10]. Today, the
observation of materials on a micro/nanometric scale under various chemical (humidity,
presence of gas) or physical (mechanical load or heat flux) constraints can be achieved with

the aid of electron microscopy, in particular scanning electron microscopy (SEM) [11,12,13].

Since the 1960s, mini-heating devices have been developed for use in conventional or
environmental SEMs. Coupling the SEM with a microfurnace is a particularly interesting
analytical tool for characterizing the behavior of materials at the micrometer scale, and in some
cases at the nanometer scale, over a wide temperature range (from RT to 1000°C)
[14,15,16,17,18,19], and in special cases up to 1500°C [20,21,22,23,24]. Numerous works
covering various disciplinary fields using this technique are reported in the literature.
Experiments have been carried out in a wide range of environments, from high vacuum to low
vacuum, using a wide variety of gases [25,26,27,28]. These experiments are generally
described as "in situ", "high temperature SEM" or "HT-SEM". The terms "environmental” and
“variable pressure” modes appear in experiments carried out with partial gas pressure, thus
qualifying the framework in which the observations are made [29]. The main advantage of
performing in situ experiments in the SEM is to use samples with dimensions representative
of a bulk material [30,31,32,33,34]. A sample of a few mm?3 can be placed on a dedicated
heating plate, making it possible to visualize a surface area of some mm? using electronic
imaging. In this way, the observations provide a clear picture of the behavior of a solid material

under operating conditions [35]

The HT-SEM technique can suffer from technical limitations inherent in heating materials
to high temperatures, which can make image recording difficult. One of the difficulties generally
reported concerns thermionic emission (or thermo-emission) from hot elements present in the
SEM chamber. Surfaces heated to high temperatures emit thermal electrons, which contribute
to the electronic signals collected for image formation. At high temperatures, thermionic
emission leads to an attenuation of the secondary electronic signal, requiring complex
adjustments when the working temperature exceeds around 1050°C [36,37]. The intensity of
thermionic emission can be estimated from the Richardson-Dushman law, which relates
emission current density to temperature according to the relationship [38]:
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Where j is the electronic current density, 4, = is a parameter formulated from the

physical constants: m is the mass of an electron, e the electric charge of an electron, k;

Boltzmann's constant and h Planck’s constant. C; is a material-dependent correction factor, i

is the work function of an electron in vacuum (i.e. potential barrier to let an electron escape
from the surface of a material into vacuum) and T the temperature of the emissive material.

When k,T > || then j « T2. Thermionic emission increases rapidly with temperature.

However, thermionic emission is not the only source of image disturbance when a sample
is heated. Black body thermal emission - present even in a vacuum and predominant at high
temperatures - produces heat mainly in the infrared (IR) domain. This radiation can heat up
the components in the microscope chamber (detectors, sample holders, objective lens, etc.).
The closer these components are to the emitting source, the more intense the heating. Thus,
if the microscope chamber is cramped, this radiation can potentially damage the microscope.
However, the ability of surfaces exposed to the radiation to absorb IR light also plays a
significant role. Reflective surfaces such as polished metal surfaces can limit the heating effect.
In general, small components close to the hot source, such as SEM detectors, are the most
exposed to the risk of overheating. At the same time, thermal emission produces intense
ilumination that scrambles the signal from photosensitive elements such as the photocathodes
used in detector photomultipliers. The saturation of these elements by visible light makes it
impossible to use them for high-temperature image acquisition. This is the case with
conventional backscattered electron detectors or diodes for X-ray photon collection. Special
detectors have been developed to make image acquisition accessible even at high
temperatures [39,40,41]. The intensity of thermal radiation emitted by a surface is related to

temperature by Stefan-Boltzmann's law:
Qraa = € X Spqa X T* 2)

Where Q.4 is the radiated heat flux, ¢ is the total emissivity of the emissive material and S,,4
is the radiating surface area. Like thermionic emission, thermal radiation strongly increases

with temperature.

Other phenomena - generally thermo-activated - can make in situ SEM experiments at high
temperatures more difficult. Traces of volatile compounds or pollutants adsorbed on surfaces
can be released into the chamber when these surfaces are heated, particularly in high vacuum
mode. If the outgassing flow is too high in comparison with the pumping rate, pollutants may
be concentrated in the sample environment, contaminating the surface. This contamination
can also lead to rapid degradation of the furnace heating element if it is made of a material

that is potentially reactive at high temperatures. On the other hand, in situ temperature



experiments in the SEM to observe chemical reactivity lead to the use of tools that can be
implemented in all types of atmospheres. The use of hot gases (oxidizing, reducing, nitriding,
fuel, etc.) can also lead to a rapid degradation of the heating system if the materials used are

not appropriate.

The aim of this work is to develop a new microfurnace dedicated to in situ experiments in
the SEM called "FurnaSEM", whose configuration will take into account all these constraints
and guarantee both its integrity during the experiment and its neutrality in relation to the
working environment (no outgassing). All the above points have been taken into account in the
design of this microfurnace, in order to propose a system that is compact, stable and easy to

set up for in situ SEM observations up to a temperature as high as 1300°C.

In this first article in a series dedicated to the development of the FurnaSEM microfurnace,
we describe the design of the microfurnace based on a numerical model. This approach makes
it possible to establish numerical temperature maps and identify furnace design defects without
having to build the furnace [23,24,42]. We will present the physical criteria adopted to select
the materials used for its manufacture, and report on the performance validation tests of the
FurnaSEM microfurnace built on the basis of the optimization of the numerical model.
Validation of the performance of the actual device built and determination of its technical
characteristics will be obtained by implementing a test bench developed and built specifically
for this study. In the second article of the series, we will focus on qualifying the thermal behavior
of a sample when placed in the hot zone of the furnace. Finally, in the third article, we will report
on experiments carried out in situ at high temperature in the microscope chamber, to assess
the actual behavior of the furnace and the new imaging possibilities that open up to

researchers.

2. FurnaSEM microfurnace design

2.1. Selection criteria and selected design

The first choice is to use a Joule-heating system, for reasons of universality of operation
and relative ease of control of furnace and sample temperature, during temperature ramps and
isothermal heating. Other technical solutions such as direct sample heating with the Joule-
effect, by passing current through the sample itself, or laser heating are sometimes used to
develop miniature devices [42,43,44,45]. Direct sample heating was not selected as it is not
universal, as insulating materials cannot be heated using this technique, nor can powder
materials. Laser heating can make it difficult to control sample temperature and achieve
uniform heating of relatively large samples. It can also generate stray reflections in the SEM

chamber. Consequently, although laser heating can offer the advantage of achieving very rapid



temperature ramps (in heating and cooling) and access to very high sample temperatures [12,

14,46,47], this solution was not retained to develop the FurnaSEM microfurnace.

The FurnaSEM microfurnace has been designed with the aim of producing an instrument
that can operate under a wide range of the most severe experimental conditions (i.e. high-
temperature heating in the presence of gas). To achieve this, the architecture of the
microfurnace has been designed to limit the disturbing sources mentioned above. The device
must satisfy specific physico-chemical properties that have been taken as selection criteria.
These criteria are grouped into "thermal”, "mechanical" and "chemical" categories, and are
presented in Table 1. The values required for each of the selection criteria are very demanding,
and place a strong limit on the structural materials that can potentially be used to design the
microfurnace. The best compromise is found in the family of metal alloys that offer high
mechanical strength at high temperatures, can be shaped by conventional machining

processes, and are insensitive to the presence of oxidizing, neutral or reducing gases.

Table 1 - Summary of the characteristics used as selection criteria for the FurnaSEM heating system.

The required values are given qualitatively to show their influence clearly.

Expected
Category Property Influence
values

Thermal conductivity High Temperature homogeneity

Thermal Volumetric heat capacity Low Thermal inertia
Emissivity Low Radiated stray heat
Melting temperature High High-temperature integrity
Coefficient of thermal Mechanical distortion and electronic
Mechanical . Low ) )
expansion (CTE) image drift
Creep strength High Durability at high temperatures

Resistance to oxidation and . ) ) )
) High Compatible with environmental SEM
other forms of corrosion
Chemical o _ o
Thermal emission Low Scrambling of electronic images

Vapor pressure Low Vacuum outgassing rate

Few materials meet these criteria. A platinum-based alloy with a low rhodium content
(<5%wt) was chosen to manufacture the hot sample holder. This alloy offers overall

characteristics that are most in line with the selected criteria. It combines good thermal



properties with good chemical stability in oxidizing atmospheres such as ambient air at residual

pressure. The physical characteristics of this alloy are reported in Table 2.

Table 2 - Physical properties considered for a Pt-x%Rh (0 < x < 10) alloy chosen to manufacture the
FurnaSEM microfurnace over the 20-1300°C temperature range. Most properties correspond to those

of pure platinum.

Range of values

Properties Symbol [unit] Reference
from RT to 1300°C

Melting temperature Tmetting [°C] 1800 - 1830 [48]
Thermal conductivity k [W.m-.K"] 70-85 [49]
Volumetric heat capacity p.Cp [kd.m=3.K"] 2815 - 3595 [50]
Total emissivity €[] 0.05-0.19 [51]
Coefficient of linear

} Ot [10°6.K1] 9.04-13.3 [52]
thermal expansion (CLTE)
Vapor pressure Pvap [PA] 5.38.10¢ [at 1300°C] [53]
Electronic Work function W [eV] 5.12-5.93 [54]

The heating element consists of a mineral-insulated platinum-rhodium alloy heating
element shaped into a spiral and welded to the underside of the sample holder, also made of
platinum-rhodium alloy. The heating element is heated by joule effect. Its maximal admissible
temperature is around 1400°C given the heating element's small dimensions and structure.
The sample holder welded to the resistive filament forms the hot zone of the microfurnace. It
is designed to be connected to the cooled external part of the microfurnace. The optimized
design, obtained after several iterations of the numerical model, is shown in three-dimensions

on the Figure 1.
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Figure 1 - 3D and surface views of the FurnaSEM microfurnace for in situ heat treatment up to 1400°C.

The FurnaSEM hot-stage is a compact, cylinder-shaped heating device. The hot part of the
microfurnace is mounted in such a way that it has minimal contact with the rest of the furnace.
This so-called floating assembly is achieved by holding the heating element to the furnace
body only by means of an insulating ceramic screw, thus minimizing heat loss to the
microfurnace housing. Heat shields with polished surfaces surround the sample holder
(excluding the side facing the electron beam) to block high-temperature heat radiation. An
additional shield can be installed on the working part of the furnace to reinforce thermal
insulation (this shield is not shown in Figure 1). The external part of the microfurnace consists
of a housing cooled by circulating water and mounted on a SEM-compatible interface. This
housing acts as a heat sink, limiting heating of the external parts of the furnace. Temperature
is measured by inserting a thermocouple as close as possible to the surface of the sample
holder. The main structure of the furnace has a diameter of around 30 mm. These limited

dimensions make the microfurnace easy to implement in most SEMs.

2.2. Determination of thermal performance of the microfurnace by numerical
simulation

To determine the thermal performances of the FurnaSEM microfurnace, heat transfers

simulations within the furnace, and between the furnace and its environment, were carried out

9



using Flow Simulation®, a commercial software package integrated into the SolidWorks®
software suite (Dassault system). This software simulates the 3 modes of heat transfer
(conduction, convection and radiation) through numerical discretization using the finite volume
method. A brief description of the physical models used in the software is given in
supplementary information SI-1. Physical modeling was used to optimize the FurnaSEM
microfurnace design. Important points considered in optimizing the furnace geometry were the
verification of the temperature field on the surface on which the samples are placed, and the
minimization of the heating power required to reach a temperature of 1300°C. The virtual model
of the optimized microfurnace (Figure 1) is used to model the thermal behavior of the system
under defined conditions (specified below). The software's capabilities make it possible to
model heating under high vacuum conditions and - to a lesser extent - under low-vacuum
conditions by simulating the convective flow of the residual atmosphere around the furnace
(see Sl-1 for more details). To cover a wide range of system operating conditions, simulations

were carried out for two vacuum levels:

= High vacuum (HV) mode (i.e. less than 10-3 Pa), where only conduction and radiation
are solved

= Low vacuum (LV) mode where natural convection is added with a residual air pressure
of 300 Pa.

Numerical simulations are carried out in steady state on a calculation grid of around
310,000 solid meshes (FurnaSEM solid parts) and 3,400 fluid meshes (cooling circuit). In the
case of LV mode calculations, 126,000 meshes are added to account for external gas flow
around the furnace. The various physical conditions implemented for the calculations are

summarized in Table 3.

Table 3 - Physical conditions used for numerical calculations to simulate FurnaSEM microfurnace

behavior. Reminder of the main material properties used for these calculations.

High vacuum Low vacuum
Heat transfer

(HV) (LV)

Conduction Yes Yes
Yes (air at 300

Convection No

Pa)

Radiation Yes Yes
High vacuum Low vacuum

Boundary conditions
(HV) (LV)

10



Heating element power range: Qneat [W] 1-50
Cooling flow rate: qv [mL/min] 120

Room temperature: Troom [°C] 20

High vacuum Low vacuum

Material thermal properties
(HV) (LV)

Platinum thermal conductivity: ket

70 - 85 (20 to 1300°C)
[Wim.K]
Platinum emissivity: €pt 0.1 -0.2 (20 to 1300°C)

Copper thermal conductivity: keu
400 (15to 30 °C)

[Wim.K]
SS 304L thermal conductivity: ksssoaL
14.78 — 27.43 (20 to 1300°C)
[W/im.K]
SS 304 L emissivity: €ssaoaL 0.26 — 0.29 (20 to 1300°C)

The results obtained for a heating power of around 40 W, in high vacuum mode, are shown
in Figure 2a. FurnaSEM's global temperature field shows that heat remains confined to the
central part of the furnace (hot zone) as expected. The cooling circuit is sufficiently efficient to
maintain the outer shell of the microfurnace at ambient temperature. Heat leakage is observed
towards the cable support parts (heating element and thermocouple) where a maximum
temperature of around 200°C is expected. This heat leakage cannot be avoided, as these parts
support the cold termination of the heating element (whose temperature tends towards 500°C
when heating to close to 1300°C). A maximum local temperature of 1300°C (thermocouple
measurement point) is obtained under these conditions. Results obtained with LV mode
conditions are depicted in terms of furnace rating power in Figure 2b. The required power to
reach a given temperature is significantly higher in LV mode than in HV mode as expected.
Convection heat loss induce an additional energy consumption about 40 — 100% (depending

on the target temperature) relatively to the HV mode.

11
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Figure 2 - Numerical simulations of FurnaSEM microfurnace thermal characteristics. (a) Furnace mesh
and temperature profiles obtained for 40W heating power in high-vacuum mode. (b) Power-temperature
relationship at the thermocouple point for the two vacuum levels considered. Modeled gas flow around

the furnace is shown at top right.

The temperature field on the sample surface was also determined for all simulation
conditions. The thermal profiles of this region need to be as uniform as possible to ensure a
homogeneous sample heating. According to the results of the numerical simulations obtained
(Figure 3) the temperature field at the surface of the hot zone shows limited temperature
dispersion around the mean value. At high heating power (i.e. 40 — 50 W), local temperature
differences on the hot zone do not exceed 20°C despite the high working temperature (1200
and 1350°C respectively). On the other hand, the residual temperature heterogeneities all have
the same characteristics, namely a systematic hot-cold disparity that can be seen from left to
right on the thermal fluctuations maps (Figure 3a and Figure 3c). The coldest region is where
the thermocouple and heater termination are located, acting as heat sinks. The temperature
sensor disturbs the whole system, as its presence creates a thermal leakage point that lowers
the local temperature at the point of measurement. This is confirmed by the data plotted in
Figure 3b and Figure 3d where local temperatures at the thermocouple position are lower
than the mean surface temperature. The deviation is between 2 and 3 standard deviations (i.e.
labelled as + 20 and + 30 in the figure), depending on the conditions simulated. Similarly, the

cold part of the heating element causes a localized lowering of heat source, leading to local
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cooling (blue zone in the figures). Hot-cold disparities have a maximum magnitude of around
25°C when the average surface temperature of the hot zone exceeds 1400°C. Switching from

high vacuum mode to low vacuum mode does not modify these trends.
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Figure 3 - Simulated temperature profiles of the sample holder surface as a function of heating power
input. (@) Heat maps and thermal fluctuation maps for high vacuum mode. (b) Deviation from the mean
temperature of the thermocouple measurement associated with the profiles. (c) Heat maps and thermal
fluctuations maps for low vacuum mode. (d) Deviation from the mean temperature of the thermocouple

measurement associated with the profiles.

The FurnaSEM device architecture, as obtained after optimization of the thermal
characteristics, leads to a set of results that allow us to predict that the targeted thermal
characteristics of the furnace (i.e. 1300°C) can be achieved. These data will be consolidated
by an experimental approach in which a manufactured microfurnace will be tested under

conditions representative of the SEM operating mode.

3. Characterization of microfurnace performance under controlled

conditions

A FurnaSEM microfurnace was built in accordance with the design and materials selected.
The resulting device is shown in Figure 4. The furnace is connected to a controller positioned
outside the work chamber for power supply. A sealed passageway between the test chamber
and the outside allows electrical and hydraulic circuits to pass from the furnace to the control
unit. The furnace is equipped with an S-type thermocouple lined with a Pt90/Rh10 sheath
capable of resisting oxidation at high temperatures.

13
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3.1.Creating a dedicated test bench

In order to analyze the FurnaSEM microfurnace's behavior under real-life conditions, a
dedicated test bench was specially developed, comprising various components to reproduce
vacuum conditions typical of those encountered in an environmental SEM. The working volume
is a 6-liter chamber where the FurnaSEM device is installed for testing. Figure 5a shows the
various components of this test bench. The chamber is evacuated using a primary dry
diaphragm pump (PFEIFFER Vacuum) to achieve a limiting pressure of 100 Pa, and a turbo-
molecular pump (PFEIFFER Vacuum) to achieve a high vacuum of between 10-3 and 10 Pa.
Two pressure gauges (PFEIFFER Vacuum) are mounted close to the chamber, a Pirani-type
gauge capable of measuring pressure between 102 and 10° Pa, and a full-range gauge (Pirani

and Penning) capable of measuring pressure between 107 and 10° Pa.

Thermography is used to record the surface temperature field of the FurnaSEM
microfurnace. The thermal camera used is a PI1TM model (OPTRIS GmbH) featuring a
382x288 pixels CMOS detector sensitive to a narrow spectral band in the near infrared (IR)
(0.85 - 1.1 ym). The measurement range for a blackbody target is between 450 and 1800°C.
A fused silica window (Edmund OPTICS) allows thermal radiation from the furnace to be
transmitted. Precision thermography requires an accurate description of the thermal scene in
the working volume, in order to reproduce the actual temperature at the surface of the device
(Figure 5b). A fully detailed assessment of the physical factors to be taken into account is
described in supplementary information SlI-2. This evaluation allows us to determine that a

correction is necessary to estimate the furnace temperature. This correction takes into account
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the emissivity of the furnace and the transmittance of the enclosure's sealed window. The

equation representing this correction is given by:

Lcamera

0 —
L0-85—1-1Hm (T) ~ _window % gFurnasEM (3)
0.85-1.1um X €0.85-1.1pm

Where L%_gs_l_lum(T) is the furnace blackbody radiance power used to deduce temperature,
Leamera js the radiance power detected by the camera, r&é’g‘f‘}?{pmis the window transmittance
over the spectral band of interest and ;55”4 imis FurnaSEM's emissivity over the spectral

band of interest. Measurement accuracy is directly impacted by knowledge of these
parameters. According to the window characteristics supplied by EDMUND OPTICS and

literature data on material emissivity [51,55] these parameters are evaluated at:

" &gs—1.1um = 0.25 £ 0.05 (Platinum hot surface)
" &gs-1.1um = 0.265 1 0.085 (Magnesia insulating screw)

" Togs—1.1um = 0.92510.025 (Fused silica window)

The sensitivity of temperature measurements to these parameters has been rigorously
studied and is described in the supplementary information file SI-2. It has been established

that temperature measurements taken with the thermal camera are reliable to within 3 - 4%.
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Figure 5 - Test bench developed to qualify the performance of the FurnaSEM microfurnace in an
environment close to that encountered in a SEM chamber. (a) Photographs of the installation with all

the equipment. (b) Thermal scene on which IR thermographs are acquired with a thermal camera.

3.2.Controlled heat treatments
The tests carried out to evaluate FurnaSEM's performances consist of controlled

temperature cycles in high vacuum (10-3 Pa) or low vacuum (100 — 300 Pa) mode. Heating
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power, local furnace temperature and IR thermography are continuously recorded during these
tests. The furnace is controlled by a PID controller, which enables a thermal cycle to be
programmed in a succession of steps, where the heating ramp and setpoint temperature are
implemented. The heating rate is limited by the maximum permissible power of 50 W and by
the thermal shock resistance of the furnace components. Studies carried out in the design
phase theoretically make heating ramps of up to 10°C/s possible. Cooling control is less
straightforward. To cool the FurnaSEM microfurnace, an active on-off cooling circuit without
flow control is used. A controlled cooling ramp can only be achieved up to a threshold
temperature called the "break point", below which cooling can no longer be controlled. This
non-controllable cooling mode is referred to as " natural cooling ", as its kinetics are determined
by the total intensity of heat leakage from the system. This threshold temperature depends on

the desired cooling rate and the level of residual gas pressure in the test bench.

3.3. Steady-state performance

Several temperature stages were carried out over the 20 — 1300°C temperature range to
determine the actual characteristics of the FurnaSEM microfurnace at thermal equilibrium.
These measurements were carried out at two pressure levels (10-2 Pa and 300 Pa air). Typical

data obtained for HV and LV conditions are shown in Figure 6.
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Figure 6 - Real FurnaSEM microfurnace performances recorded in steady state. (a) Heat maps and
thermal fluctuations maps in high vacuum mode. (b) Heat maps and thermal fluctuations maps low
vacuum mode. (c) Resulting heating power-temperature curves. Previous curves from simulations are

shown as solid lines.

Thermographic reconstruction of the temperature field at the furnace surface shows

that the experimental data are in good agreement with the heat maps obtained by simulation.
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In particular, the distribution of hot-cold disparities is very similar in both maps. Cooler regions
are located on the thermocouple side. The experimental power-temperature curves also show
a similar pattern to the numerical predictions. The experimental data recorded in high-vacuum
mode are well described by the numerical model (Figure 6c¢). However significant
discrepancies are observed between experimental data recorded in low-vacuum mode and the
results of numerical simulations. Under these conditions, the numerical simulations
overestimate convective heat loss to the ambient air. This difference can be attributed to the
fluid model used by the software, which is not optimized to accurately reproduce the actual
experimental situation. The continuous medium assumption imposed by the numerical
simulations is not sufficiently robust under these conditions, as the mean free path of air
molecules at 300 Pa in the working chamber is too large to verify this assumption (see SI-1 for
a detailed discussion about the model accuracy at low pressure conditions). At present, the
numerical model used for this study cannot accurately account for heat transfer in low-vacuum

mode.

3.4.Rapid transient heating and cooling performance

The behavior of the furnace was also studied in detail during unsteady phases, in order to
verify the performance limits of the system. In particular, heat treatments with high heating and
cooling rates were implemented. Given the controller's capabilities and the temperature limits
of the sensitive elements, a maximum heating ramp of 7°C/s was achieved in both high vacuum
mode (up to 1300°C) and low vacuum mode (up to 1200°C). The thermal imaging camera,
which acquires data at a rate of 27 Hz, was used to monitor heat propagation during this fast-
heating ramp. Heat diffusion is plotted in Figure 7, where a temperature threshold set at
1000°C is shown in red. Heat propagation is complex, with the hot regions identified on the
heat maps being the first to reach the threshold value. The heat then spreads to cooler regions
near the thermocouple, before the entire surface exceeds the threshold temperature. For a

constant heating ramp of 7°C/s, it takes around 6 s for the entire surface to exceed 1000°C.

High “acuum

Low Wacuum

Figure 7 - Heat diffusion during temperature rise at 7°C/s. Red color = 1000°C threshold is reached.
(a)-(g) Heating in high vacuum mode. (h)-(n) Heating in low vacuum mode (130 Pa air)
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The maximum cooling speed is only achievable under natural cooling conditions. In this
case, the cooling rate is controlled by the thermal inertia of the device and the magnitude of
heat losses, taking into account all heat transfer modes. To quantify the limits of the system,
the power supply to the high-temperature microfurnace was switched off. All other things being
equal, the natural cooling of the furnace was recorded. By monitoring the furnace temperature,
the cooling kinetics can be determined. Similar tests were repeated for varying initial
temperatures, in high-vacuum or low-vacuum modes. Typical natural cooling curves are shown
in Figure 8a. The curves shown in Figure 8b reflect the cooling kinetics of the furnace. In this
projection, the maximum cooling rate is a function of the initial temperature of the microfurnace
and the vacuum level in the chamber. The presence of residual gas pressure in the chamber
accelerates microfurnace cooling when compared with recordings in high-vacuum mode.
Natural cooling of the microfurnace is not linear with time, and the maximum cooling rate
attainable at a given temperature varies with the furnace temperature (Figure 8b). For
example, the maximum cooling rate is 4°C/s when the microfurnace temperature is 400°C.
These measurements show that the maximum accessible cooling rate is 40°C/s for a

temperature of around 1200°C, in the presence of a residual atmosphere of 300 Pa of air.
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Figure 8 - FurnaSEM microfurnace natural cooling measurements recorded during tests where the
power supply is switched off while the furnace is at high temperature. (a) Temperature vs. time
(measurements taken at 3 different vacuum levels). (b) Equivalent natural cooling rates.
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3.5.Summary of FurnaSEM microfurnace technical specifications

The results of all the tests carried out provide a summary of the furnace's technical
characteristics. These characteristics vary according to the pressure level in the test bench
chamber. A distinction must be made between tests carried out in high vacuum mode (HV),
which enable a maximum temperature of 1300°C to be reached, and tests carried out in low

vacuum mode (LV), where the maximum furnace temperature is 1200°C due to a limited power
supply.

On the basis of all the tests carried out to determine FurnaSEM's performance, curves
representing the furnace's operability range are constructed. These curves are shown in
Figure 9. The operating range of the FurnaSEM microfurnace differs slightly depending on
whether tests are carried out in high vacuum or low vacuum mode. In high vacuum mode,
there is very little heat exchange between the microfurnace and the residual atmosphere, and
convective heat loss is extremely limited. The microfurnace can be heated in a controlled
manner between 20 and 1300°C, with a maximum heating rate of 7°C/s over the entire
temperature range. Conversely, cooling of the microfurnace can only be controlled up to a
threshold temperature ("break points" in inserts of Figure 9) which depends on the chosen

cooling rate.
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Figure 9 - FurnaSEM operability curves for the (a) high vacuum and (b) low vacuum modes used in the
tests. The insets represent the "break points" corresponding to the minimum temperatures at which
cooling can be controlled.

3.6. Lifetime of the FurnaSEM microfurnace

The FurnaSEM microfurnace was used to carry out measurements on the test bench and
a series of in situ experiments in the SEM. During these experiments, high heating and cooling
rates were used, with temperatures most often between 600 and 1300°C, with isothermal
stages sometimes lasting up to several hours. The microfurnace was used in both high-vacuum
and low-vacuum modes, with a wide variety of atmospheres (air, pure oxygen, hydrogenated

nitrogen, etc.).

In the last experiment, the device was heated to 1420°C for several tens of minutes. During
this experiment, the temperature of the microfurnace suddenly dropped, indicating a failure
which led to the microfurnace being shut down. Diagnostics showed that the resistance of the
heating wire rose sharply after the microfurnace was shut down making it unusable. Reasons
of this failure are not totally clear but it is suspected that the heating element undergoes an
electrical short. A Likelihood explanation can be the generation of electrical leakage induced
by an electrical insulation drop of the mineral powder within the heating element. The insulation
resistance decreases with temperature and may have reach a threshold point which conduct

to the element failure.
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All the data from these measurements and experiments are used to construct a histogram
showing the operating time of the microfurnace per 100°C temperature interval (Figure 10)
The sum of all experiments indicates that the microfurnace operated for a cumulative total of
around 72 hours, of which almost 7.5 hours were at 1300°C and above (times associated with
heating and cooling ramps are not included; nevertheless, they can represent around a third
to a half more residence time in a temperature range). Few data on the lifetime of the heating
elements in these microfurnaces are reported in the literature. A study by Zhang et al. [24]
indicates maximum lifetimes of a few tens of minutes for heating elements used up to 1500°C.
For the purposes of this study, the furnace lifetime was deliberately limited by conducting the
experiment at a temperature above 1400°C, which corresponds to a higher temperature range
than that for which the microfurnace was designed. Consequently, the 72-hour lifetime of the
microfurnace is a minimum lifetime value. This value can be extended by complying with future
manufacturer's instructions, which will limit the use of the microfurnace to a maximum
temperature of 1300°C. The study also showed that this furnace geometry could be used to
reach higher temperatures (probably 1400 - 1450°C) with limited equipment modifications and

an increase in heating capacity.
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Figure 10 - Histogram summarizing FurnaSEM microfurnace time spent during heat treatment by
working temperature range.
4. Conclusions

The approach adopted for this work was to develop the FurnaSEM microfurnace using a
complete thermal model. After a few iterations (without building a furnace), it was possible to
converge on a technical solution which is the one used for the experimental part of this study.

Moreover, as the model used was developed to simulate the behavior of the hot zone of the
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furnace in both high and low vacuum modes, an excellent match can be seen between the
experimental data and the data obtained by numerical simulation. This a posteriori validates
the approach and shows that numerical tools, if used with due regard for all the physical
parameters of interest, can make a considerable contribution to the development and

realization of high-performance tools.

All the experiments carried out enabled us to qualify the FurnaSEM microfurnace's
behavior under conditions close to those used in the SEM chamber. On several occasions, the
device reached temperatures of 1200 - 1300°C in high vacuum and low vacuum modes (up to
300 Pa). In one particular configuration, the microfurnace was heated up to 1400°C, although
in this case the power supply provided by the controller was just sufficient. To reach this
temperature, the addition of a heat shield covering a large part of the sample holder surface is
necessary to limit the power to be supplied to the microfurnace. The lifetime of the
microfurnace used in the present study is 72 hours, but this was intentionally limited to
determine the maximum accessible temperature and the mode of degradation of the

microfurnace.

The microfurnace can be heated to 1200°C in less than 5 minutes, with a heating ramp of
7°C/s over the entire temperature range. However, it is not possible to achieve high cooling
rates (above 5°C/s) over the entire temperature range. Indeed, to cool the micro-furnace at a
controlled cooling rate, the heat naturally dissipated by the furnace must be greater than the
heat that needs to be dissipated at a given temperature. Below a limit temperature, natural
cooling becomes limiting and controls the maximum achievable cooling rate. The maximum

achievable cooling rates for each temperature have been determined.

The use of temperature maps obtained by IR thermography of the surface of interest (the
area where the samples to be observed with the SEM will be positioned) enabled us to quantify
the thermal gradients generated at high temperatures, and also to highlight the diffusion time
when the heating rate is fast. Under all the conditions tested, the FurnaSEM microfurnace
exhibited an almost uniform temperature across the entire heating surface. However, cold
spots appear close to the position chosen for the thermocouple. This helps us to define a
homogeneous temperature zone in which to place the sample. Excluding the cold spots, the

residual temperature gradient is around + 18°C for a temperature of 1300°C.

SUPPLEMENTARY MATERIALS

Supplementary information 01: Physical models for heat transfer simulation used in

FlowSimulation®©.
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The physical heat transfer models used to carry out the numerical calculations and simulations
are reported in detail. These models cover "Thermal conduction through solid parts", "Thermal
convection with CFD model" and "Radiative heat transfer of emissive surfaces". A "Discussion

about the CFD model accuracy" is also reported to show the limitations of the models used.

Supplementary information 02: Thermal scene analysis for thermography and thermal

camera measurement sensibility to adjusted parameters.

The conditions for recording thermal images of the microfurnace surface using a test bench
are developed in the form of a thermal scene. The "Radiation pathway to the thermal camera”,
and in particular the associated mathematical laws, are recalled. The "Measurement sensibility
to adjustable parameters" is detailed. Taking into account the "Relationship between real and
black body temperature” leads to the "Temperature uncertainty assessment". The uncertainty
assessment leads to an uncertainty of 3 - 4% for the temperature displayed by the thermal

camera (in Celsius scale).
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