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Abstract: The FurnaSEM microfurnace was installed in the chamber of a scanning electron
microscope to carry out in situ experiments at high temperature and test its limits. The
microfurnace was used in combination with different types of detectors (Everhart-Thornley, for
the collection of secondary electrons in a high vacuum; gas secondary electron detector for
the specific collection of secondary electrons in the presence of gas; Karmen®© detector for the
collection of backscattered electrons at high temperature). Experiments carried out on various
samples (metal alloys and ceramics) show that the microfurnace operates in both high-vacuum
and low-vacuum modes. Temperature ramp rates during temperature cycles applied to the
sample range from 1°C/min to 120°C/min (temperature rise) and 1°C/min to 480°C/min
(controlled and natural cooling). The maximum temperature at which images were recorded
up to 25kX magnification was 1340°C, with a residual air atmosphere of 120Pa. The choice of
a flat furnace, with the sample placed directly above it, has enabled innovative experiments to
be carried out, such as low-voltage imaging (using a shorter working distance — up to 10 mm
- than is possible with conventional furnaces), 3D imaging (by tilting the stage by up to 10°)
and high-temperature backscattered electron imaging (using a dedicated detector).



1. Introduction

The main objective in developing the fully metallic high-temperature FurnaSEM
microfurnace is to perform high-temperature experiments in situ in the SEM chamber. This
furnace has been designed to enable versatile work with different atmospheres (reducing,
neutral and oxidizing). Typically, commercial and home-developed SEM furnaces are designed
for high-vacuum or reducing atmosphere experiments [1,2,3,4,5,6,7]. A few furnaces can work
with neutral or oxidizing atmospheres, but existing furnaces are generally unable (for various
reasons - sensitivity of the materials used to oxygen, gas release during evacuation, etc.) to
cover a wide range of partial pressure of oxygen (i.e. pO>) [8,9].

The final part of this series of articles will be devoted to testing the FurnaSEM microfurnace
under a wide range of operating conditions (high vacuum, residual gas, moderate temperature,
high temperature, rapid heating and cooling rates, etc.). The aim is to assess the quality of the
images recorded under these conditions, and the suitability of this tool for a wide variety of
experimental conditions. Image stability (displacement of the region of interest) will also be
assessed as a function of heating or cooling rate, as well as the thermal stability of the furnace

(and images) over long periods.

2. Material and methods

In situ high temperature experiments were carried out with both Quanta 200 ESEM FEG
(FEI, Eindhoven, The Netherlands) and Quattro S (ThermoFisher Scientific, Eindhoven, The
Netherlands) environmental scanning electron microscopes. These two microscopes have
similar configurations. They can work at temperature in high vacuum and low vacuum modes
(up to 750 Pa). They are equipped with dedicated secondary electron detectors, Everhart-
Thornley type for the high vacuum mode and GSED type for the low vacuum mode. The
FurnaSEM microfurnace, as described in the previous works [10,11], has been used to heat
the samples observed in SEM. Actually, two generations of FurnaSEM device were used.

The first one corresponds to the design optimized and characterized before [10,11]. The
device installed in the SEM stage is visible in Figure la. This device can be equipped to an
upper thermal shield in order to maximize the achievable temperature in low vacuum
environment (because it is limited to 1200°C with the hot zone not covered as it is
demonstrated in Part 1). Furthermore, it prevents from overheating the components
surrounding the microfurnace in the chamber that undergoes high illumination such as shown
in Figure 1b.

The second one is the commercial version of FurnaSEM which has been modified to

include additional innovations compared to the version used for development tests. Itis a larger
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microfurnace (77 mm long X 58 mm large X 25 mm height), with a hot zone made completely
with platinum. The MgO screw has been removed, and replaced by 3 solid ceramic supports
positioned on the sides of the oven's hot zone, guaranteeing temperature homogeneity across
the entire surface of the microfurnace (with always a small gap above the position of the
thermocouple measuring the sample temperature - see part 1). The device installed in the SEM
stage is shown in Figure 1c. The practical use of the system may come with the mounting of

metallic discs to limit the sample thermal drift (see Part Il) or a thermal shield to limit radiative
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Figure 1 - FurnaSEM microfurnaces used for in situ experiments. (a) Original microfurnace [10,11] used

for part of the experiments in the Quanta200 FEG ESEM. (b) Zoom in on the hot zone to visualize the
sample and heat shield. Image of the high-temperature system in the SEM chamber. (c) Commercial
version of the FurnaSEM microfurnace installed on the motorized stage of the Quattro S SEM. (d) Zoom
on the hot zone to visualize the samples, thin metal disks and thermal shielding accessories used to

limit thermal drift and radiation loss in the chamber.

Few experiments were carried out under a wide range of operating conditions with both
FurnaSEM microfurnaces [12,13,14,15]. These experiments demonstrated the flexibility of the
microfurnace and its adaptability to a wide range of subjects. Specific experiments to qualify
the FurnaSEM microfurnace's potential have also been carried out, and are reported below.
The experimental conditions of these experiments are given in Table 1.



Table 1 - Experimental conditions relative to the experiments performed for the present study.
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3. In situ High temperature experiments

3.1.Rapid heating and cooling rates (Phase transformations)

The aim of in situ temperature experiments is to reproduce operating conditions in the

microscope that correspond to those to which the materials are subjected. Phase

transformations in carbon steels are observed during rapid heating and/or cooling ramps. A
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ferritic steel was heated to 900°C in a high vacuum at a heating rate of 2°C/s, held for one
minute in an isothermal stage, then quenched at a natural cooling rate. Images were recorded

at 2500X magnification (field of view 50 X 34 um?) throughout the thermal cycle. Some of the
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images extracted from this video are reported in Figure 2 (Multimedia available online),
showing the various transformations taking place during heat treatment. The scientific aspects
associated with these transformations are detailed in Seppala et al [15]. The raw images
recorded (not shown here) indicate that the displacement of the region of interest during
heating or cooling is of the order of 20 to 30 um over the entire temperature range explored.
This displacement, even with high temperature variation, is easily corrected manually to keep
the region of interest at the center of the images.

Finally, the transformations are observed at the temperatures at which they are expected
[15]. This indicates that the device surrounding the sample (gold sandwich foil and heat shield)
is sufficiently efficient to guarantee rapid and accurate sample warm-up. The expected sample
temperature is 885 (+ 15) °C [11]. Furthermore, no sample surface oxidation is observed during
this heat treatment, indicating that there is no degassing of the various furnace components in

the microscope chamber, as expected.
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Figure 2 - Series of images showing the ferritic to austenite transformation and austenite to bainite
transformation. The times shown on the images correspond to the time difference between the current
image and the first image shown. Images were recorded using the SE Everhart-Thornley detector

(Multimedia available online).

The actual thermal path followed by the sample is illustrated in Figure 3. In terms of
temperature rise and isothermal holding, it is perfectly in line with what was expected and in
agreement with the measurements reported in parts 1 and 2 of this series of articles [10,11].
The isothermal furnace temperature is 905°C (for a programmed temperature of 900°C). The
heating rate is exactly as programmed, i.e. 2°C/s. The furnace (and sample) are cooled
naturally by stopping heating at 900°C. As described in Part 1, the cooling rate decreases from
8°C/s at 900°C to 0.2°C/s at room temperature. Finally, the temperature inside the SEM
chamber (measured with an additional thermocouple placed in the SEM chamber close to the
objective lens — data recorded manually) remains between 17 and 23°C.
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Figure 3 — Heat treatment imposed on the sample. A constant heating rate of 2°C/s is set until reaching
a goal temperature of 900°C. Then a high cooling rate (~8°C/s) is achieved by using natural cooling.

For the entire test, the SEM chamber remains between 17 and 23°C.

3.2.3D images at high temperature (oxidation of alloys)

The FurnaSEM microfurnace takes up very little space in the SEM chamber, thanks to the
flat geometry of the hot zone surface. It allows work to be carried out at short working distances
(up to 10 mm), without significant heating of the SEM chamber elements, and it can be tilted
with respect to the axis of the primary electron beam. By recording images at three different
tilt angles, image processing software (Alicona MEX, Digital Surf) can be used to reconstruct
a three-dimensional image of the sample surface. The geometry of the microfurnace
developed in this study enables series of tilted images to be recorded, which are then used to
reconstruct an associated image showing the three-dimensional morphology of the sample at
high temperature. However, it is essential that the sample undergoes no morphological
transformation during image recording. For the moment, this imaging mode remains limited to
the characterization of slow transformation processes. By automating image recording and
changing the position of the stage, faster transformations can be observed.

The images in Figure 4 show the evolution of the surface of a coarse-grained chromium-
forming alloy during oxidation at 680°C after 5 hours of isothermal heating at 680°C under
200Pa of air. These images highlight the differences in thickness of the oxide layers formed,

probably depending on the crystallographic orientation of the grains.



Figure 4 - 3D reconstruction of the surface of a coarse-grained alloy after 5 hours of holding at 680°C
under 200 Pa of air.

Series of tilted images can be recorded very quickly (1 to 2 minutes). They can be recorded
at different magnifications, opening up new perspectives in the study of material behavior at
high temperatures. Such reconstructions were obtained when observing the formation of
crystals in glasses of CsPO; - MoO3; composition at T = 620°C [16] or when studying the
formation of AlSi-type coatings on the surface of steel, between 400 and 900°C [17]. In this
study, reconstructions were used to describe the evolution of sample roughness during heat

treatment.

3.3.Low voltage imaging (Ag/Ce02-Gd20s3 thin films)

Observation of rearrangement within thin films composed of silver and CeO,-Gd;0O3
nanoparticles was carried out at low voltage, in the presence of residual gas (120 Pa of air).
Images at 3.5 kV (respectively 5 kV) are shown in Figure 5a (respectively Figure 5b) at
20,000-fold magnification, for a temperature of 350°C. In preliminary experiments, the
microstructure of the sample degraded under the combined effect of temperature and an
excessively high acceleration voltage (between 8 and 20 kV). The value of the acceleration
voltage was optimized to preserve the integrity of the thin film, and observe its transformation
under the single effect of temperature, while attempting to maintain image quality satisfactory
for observing fine microstructural details. Experiments were also carried out at 3.5 and 5 kV.
Under these imaging conditions, the analyzed zone shows changes identical to those observed

on the rest of the sample surface. Despite the temperature and the low acceleration voltage
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used, the quality of the images enabled us to discern details of the order of a few tens of
nanometers on the sample surface, under 120 Pa of air, using a GSED-type detector to collect
the secondary electronic signal.

However, it should be noted that the quality (resolution, i.e. the ability to separate two
closely spaced points as two separate entities) of the image recorded at 3.5 kV is lower than
that of the image recorded at 5 kV. This can be attributed to a stronger scattering of the primary
electron beam in the residual gas thickness to be traversed ("Skirt" effect). Here, this effect
has been minimized by working at a reduced working distance (around 12 mm), which is made

possible by the flat configuration of the microfurnace's hot zone.

Figure 5 - SE images of thin Ag/Ce02-Gd20s films heated in situ at 350°C and under gas (120 Pa). (a)
Observation at 3.5 kV. (b) Observation at 5 kV.

3.4.High resolution at high temperature (dewetting of MgAsSb thin films)

A MgAsSb compound, deposited as a thin layer on a Si support, was observed up to
572°C under high vacuum, to determine the transformations taking place within this thin layer.
The corresponding series of images (Figure 6) shows that the thin film dewets and
decomposes with increasing temperature. Limited grain growth can also be observed.

The aim of this experiment was to evaluate the ability of microfurnaces to observe
nanoscale transformations taking place at high temperature, in high vacuum, on highly
oxidizable and brittle materials. No beam effects (accelerated or slowed changes in the
observation zone compared with the rest of the sample) were observed. Grain sizes of a few
tens of nanometers can be observed. Secondary electrons are collected using an Everhart-
Thornley detector. The images obtained under these conditions enable us to assess the
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maximum resolution achievable with the furnace when heat-treating complex samples. Here,

non-isolated nanoparticles 20-30 nm in diameter can be observed.

s T
4 -rt"n
- 200 nm

200 nm 2 200 nm

Figure 6 - High magnification series of images recorded on the same area of the surface of a 76 nm
thick AgMgSb thin film deposited on a silicon substrate, at different temperatures. 1h35 elapses between

the first and last frames of this series. Images are recorded at regular intervals.

3.5.Combination of FurnaSEM with a high temperature BSE detector (AlSi
coating)

Collecting backscattered electrons at high temperatures is only possible with a detector
capable of withstanding the high heat and illumination induced by thermal radiation from the
hot zone of the furnace. Conventional backscattered electron detectors are sensitive to the
heat and light of thermal radiation, so cannot be used at high temperatures. The Karmen®
detector (Crytur Company™, Czech Republic) has been developed specifically to collect the
pure backscattered electron signal at high temperatures. It enables images to be recorded in
BSE mode at high temperatures up to 1000°C [13].

By combining the Karmen® detector with the FurnaSEM microfurnace, we were able to
record images at 1000°C of an AlSi-type coating deposited on steel undergoing transformation.
The BSE images recorded under a graded vacuum of 10 Pa of air, shown in Figure 7,

demonstrate rapid coating transformations over a narrow temperature range. As the rate of
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coating transformation accelerates, the speed of image recording is increased (up to 50 frames
per second) to visualize the full range of transformations.

In this configuration, the backscattered electron detector acts as a heat shield. The
FurnaSEM microfurnace and Karmen detector can be integrated into any scanning electron
microscope, providing a universal technical solution for in situ temperature experiments in the

presence of gases up to 1000°C.
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Figure 7 - Micrographs showing the surface microstructural transformations of an AlSi coating deposited
on steel between 480 and 555°C, observed under a 10 Pa low vacuum of air and at an acceleration
voltage of 30 kV. The times shown on the images correspond to the time difference between the current

image and the first image shown.

3.6.High temperature and high-resolution images (Al203 at 1340°C)

The furnace was heated to a higher temperature than that for which it was designed, i.e.
1340°C, to test its imaging capabilities under extreme conditions. An alumina plate was placed
on the hot end, and images were recorded under 100 Pa of air at 20 kV, during the temperature
rise and at 1340°C, at different magnifications (Figure 8).

The signal-to-noise ratio of images recorded under these conditions is excellent. The
quality of the micrographs recorded at the highest magnification makes it possible to

distinguish details of around 30 nm on grains a few micrometers in size. It should also be noted
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that the settings required to record these images were easy to achieve, and remain stable as
the temperature rises. In addition, thermal electron emission remained limited, even at this
high temperature (which is in line with the results of Joly-Pottuz et al. [18] and linked to the use
of a platinum support). These images clearly show that the FurnaSEM microfurnace can work

at temperatures up to 1300°C, under gas, while recording images of excellent quality.

Figure 8 - SEM images of an Al2Os sample heated to 1340°C under 100 Pa of air and at 20 kV. (a)
Magnification x2500, (b) x5000, (c) x10,000, (d) x25,000.

4. Conclusion

Two furnaces were used to carry out these experiments and record these images: the
microfurnace used to carry out the qualification tests reported in parts | and Il of this series of
articles, and a FurnaSEM microfurnace as marketed. The two microfurnaces have similar
geometries and technical characteristics. On the commercial microfurnace, the protective hood
has been enlarged to allow easy positioning of a removable heat shield.

Optimization of the sample geometry and the way in which a sample is positioned in the
furnace (reported in part Il) guarantees the temperature homogeneity of the sample. This point

was verified by recording phase transformations obtained within the expected temperature
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range. Melting point tests were not carried out to avoid damaging the surface of the
microfurnace hot zone. Furthermore, the tests carried out did not reveal any increase in
temperature in the SEM chamber. The maximum temperature reached with the microfurnace,
and for which images were recorded, was 1340°C. This particular point validates the furnace's
operation under very high-temperature conditions and its design.

The FurnaSEM microfurnace opens up new opportunities of studies. It has been possible
to couple a high-temperature BSE detector with the microfurnace. The main results are
reported in another work [13]. This detector operates in high vacuum and degraded vacuum
modes, and can be combined with microscopes other than those used in this work.
Experiments were carried out under high vacuum, and under degraded vacuum (with oxidizing,
neutral or reducing gases), without any particular difficulty. Coupled with the Karmen detector,
the FurnaSEM microfurnace makes it possible to carry out experiments in degraded vacuum
mode in low-vacuum microscopes not initially designed for in situ experiments.

Other imaging modes previously inaccessible at high temperatures can now be
implemented, thanks to the short working distance associated with the flat geometry of the
furnace's hot zone. Working at low voltages (up to 3.5 kV) has been possible up to 350°C to
limit the effect of the electron beam on the sample surface. This temperature is probably not
the maximum for which this imaging mode can be used. In addition, 3D reconstructions of a
sample surface have been obtained from series of 3 tilted images. Here again, the recording
of these images is facilitated by the geometry of the furnace and is very rapid (of the order of
one minute). Thus, if the kinetics of the sample surface transformation are slow enough, it may
be possible to record a series of 3D images of the sample surface during a long-term
experiment. In this case, the evolution of the sample's roughness and/or its volume increase
can be studied.

The FurnaSEM microfurnace can also be used to perform in situ EBSD experiments at
high temperatures up to 1000°C and to observe phase transformations [19]. Taylor et al. [20]
studied the transformation of austenite into bainite and martensite during sample cooling.
Robson et al. [21] observed the competition between continuous and discontinuous
precipitation in magnesium alloys, treating an alloy of the Mg-Al system at 180°C. In this case,
images were recorded in situ with a conventional BSE detector and EBSD scans were
recorded at room temperature after quenching the sample.

The microfurnace can still be modified to suit user requirements. One of the options being
explored is the development of a device for controlling the cooling rate of samples, and in
particular the possibility of cooling a sample at up to 20°C/s for rapid quenching. At the same
time, computer programs will be developed to control the repositioning (centering of a region

of interest) of images and their rapid recording.
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All the work carried out and presented in this series of articles demonstrates the
experimental possibilities offered by the FurnaSEM microfurnace. The approach, which
combines numerical calculations using a digital twin and experimental validation of the data
obtained using a real prototype, has led to the construction of a furnace that meets all the initial
requirements defined as design criteria. It can be used to carry out in situ experiments in the
chamber of a SEM covering a wide range of scientific fields. Technical solutions have been
tested and validated to overcome one of the major difficulties encountered when using such
devices, namely precise control of the sample temperature measurement. Finally, minor
adjustments were made to the initial prototype to produce a microfurnace that is now

operational and reliable.
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