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Abstract
A new high-temperature detector dedicated to the collection of backscattered
electrons is used in combination with heating stages up to 1050◦C, in high-
vacuum and low-vacuum modes in order to evaluate its possibilities through
signal-to-noise ration measurements and different applications. Four examples
of material transformations occurring at high temperature are herein reported:
grain growthduring annealing of a rolled platinum foil, recrystallisation of amul-
tiphased alloy, oxidation of a Ni-based alloy and complex phase transformations
occurring during the annealing of anAl-Si coated boron steel. The detector could
be potentially adapted to any type of SEM and it offers good opportunities to per-
form high-temperature experiments in various atmospheres.
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1 INTRODUCTION

High-temperature reactivity is for many materials a huge
topic that includes all the aspects of their life-time cycle,
from their manufacturing to their use in service condi-
tions until their degradation. Thus, there is a real need
for tools allowing the direct observation of transforma-
tions and reactivity at high temperature at the microscopic
scale in order to determine and quantify the involved
mechanisms. Today, Transmission Electron Microscopy
(TEM) coupled with heating holders1–4 is a growing field
of interest that offers new insights into materials reac-
tivity up to the atomic scale.5–10 Even if this technique
brings new insights in physic and chemistry of materi-
als, it remains limited to the observation of very small
samples – that are generally not totally representative of
the bulk material – or to the reactivity of nanoparticles.

In many applications, including materials oxidation,
recrystallisation, ageing, solid-state reactivity, sintering
etc, the reaction can be rapidly limited by the long-distance
diffusion of elements (ie in the order of 1 to hundreds of
micrometres, depending on time, temperature and mate-
rial considered). Reliable evidences of themechanisms can
only be achieved by observing bulkmaterials, and not only
thin foils or nanoparticles. Thus, for many scientific ques-
tions, high-temperature experiments in the TEM need to
be complemented by SEM analysis in order to observe
and to describe these transformations. For these studies,
High-Temperature (Variable Pressure) Scanning Electron
Microscopy (HT-SEM or HT-VPSEM) is a promising tool
that could allow the scale up for the observation of react-
ing or dynamic surfaces.11
This technique has been used for decades and many

different scientific questions have been addressed.12–18
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Using a (VP)SEM,most of the collected information comes
from two electron signals, secondary electrons (SE) and
backscattered electrons (BSE) being the main electron
emissions used to produce images. SE is generally associ-
ated to a topographic contrast while the contrasts observed
in BSE images are associated to compositional variations.
To date, in most cases, the secondary electrons are col-
lected when the specimen is heated at high temperature
(up to 1450◦C), using direct collection (in vacuum) or using
a SE signal amplification through a gas. Indeed, SE col-
lection by the Everhart-Thornley Detector (ETD) is only
possible when the sample is maintained in high vacuum.19
When gases are introduced in the (VP)SEM to react with
thematerial to be studied, only Gaseous Detection Devices
(GDD) can be used.20,21
Standard BSE detectors cannot be used to collect

directly the BSE signal emitted by a heated sample, as
the emission of visible light, which becomes predomi-
nant when T > 300◦C, saturates these detectors. Thus,
they lose their effectiveness – and can be destroyed –
when they are heated. Danilatos22 has reviewed and com-
pared the possibilities offered by Yttrium Alumina Gar-
net scintillators detectors for the BSE collection in the VP-
SEM.23,24 He has proposed that they can be used at high
temperature.
Several strategies have been adopted to collect images

containing compositional information during HT experi-
ments in a SEM. As an example, Bozzolo et al have heated
a thin metal plate very fast (up to 1180◦C), to anneal it for
very short times at high temperature and to cool down (to
quench) the specimen to room temperature (RT) very fast
in order to freeze the high-temperature microstructure.25
Then, the sample is characterised by EBSD at RT. This
process can be repeated several times to observe fast
microstructural transformations.
EBSD can also be performed directly at high temper-

ature in the SEM chamber.26,27 First of all, in their pio-
neer work, Seward et al (2002) have collected the SE and
BSE signals emitted by metal plates.28 They have observed
orientation contrasts of grains up to 900◦C using a KE
industries solid-state backscattered electron (BSE) detec-
tor (K.E. Developments Ltd., Cambridge, UK) and they
have opened the possibility to record Electron Back Scat-
tered Patterns (EBSD) at high temperature. Since this
work, in situ EBSD at high temperature has been devel-
oped and used. Different strategies and configurations
were developed as a function of the material investigated
and transformation rates. Recent developments of fast
EBSD recording allow describing precisely themicrostruc-
tural transformations occurring at the micrometre29
and submicrometre30 scales, when observing the mov-
ing interphase boundaries between ferrite and austenite
crystals.

Parallel, Joachimi et al31 have designed and manu-
factured a novel (BSE) detector, as well as an Electron
Beam Absorbed Current detector32 combined with a high-
temperature stage. This BSE detector is a light blind alter-
native to the standard BSE detector provided by replacing
the sensing elements from semiconductor diodes to con-
ductive absorption pads, and thus switching from induced
to absorbed electron detection (AED). However, the elec-
tronics design has not been optimised for low signals,
which results in a slow minimum dwell time in the range
of a few microseconds per pixel for image recording, as
mentioned by the authors. With these detectors they have
observed material transformations occurring at 400◦C.
New opportunities using Transmission Kikuchi Diffrac-

tion (TKD) have been opened for the structural study of
thin samples (approx. 100 nm) in the SEM chamber.33
Recently, TKD was operated on a sample deposited on
a microelectromechanical system (MEMS)-based heating
stage in order to characterise microstructural transforma-
tion on thin films. Important information has been col-
lected to understand the first steps of dewetting.34 How-
ever, this technique does not offer the possibility to observe
the transformations of bulk materials as it requires elec-
tron transparent samples such as thin films or thin foils.
Further possibilities for low-energy nanodiffraction in the
SEM, with a possible extension at high temperature, have
also been reported.35 These technical developments can
bring new opportunities to observe precisely crystallo-
graphic transitions occurring at high temperature directly
in the SEM chamber.
These technical solutions have brought new insights

on the materials behaviour at high temperature. How-
ever, when available (on the Camscan X500 Crystal Probe-
Obducat CamScan Ltd., Cambridgeshire, UK), backscat-
tered electron collection was only used for orientation
contrast imaging.28 Thus, there is a real need for a special
design that allows combining high-temperature scanning
electron microscopy with true BSE collection. We herein
propose to use an Yttrium Alumina Garnet (YAG) BSE
detector, as already suggested by Danilatos,22 to collect the
BSE emission generated during the electron beam/matter
interaction at high temperature. This detector is energy
selective, thus electron beam and heat-induced SE emis-
sions (which energies are much lower than the energy of
backscattered electrons) are not collected by this detector.
In the present study, this YAG detector is evaluated in dif-
ferent working conditions (vacuum, gases) at high temper-
ature. The main aim of this work is to determine the pos-
sibilities offered by this detector in terms of image quality
(signal-to-noise ratio and resolution) as well as its limits in
operational conditions (maximum temperature, gas pres-
sure etc). To achieve this goal, four distinct experiments
and a series of complementary measurements have been
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performed to show the promising applications of the detec-
tor, at different temperatures and under different gas pres-
sure and gas nature.

2 MATERIALS ANDMETHODS

2.1 Environmental scanning electron
microscope (ESEM)

A Quanta 200 ESEM FEG (FEI Company™, Eindhoven,
the Netherlands) has been used to perform the high-
temperature experiments. It has been equipped either with
the HT 1400 heating stage (FEI Company™) or the Fur-
naSEM 1000 heating stage (NewTEC Scientific™).

2.2 Description of the Karmen detector

The Karmen™ detector, which has been developed by the
Crytur Company™ (Czech Republic) and specialised for
the collection of BSE emission during sample heating at
high temperature, is used in this study. A particular sealed
feedthrough for the Karmen BSE high-temperature detec-
tor (Crytur company, Turnov, Czech Republic)36 has been
designed and installed on the ESEM. With this detec-
tor, the collection of backscattered electrons is achieved
by using a single-crystalline scintillator. Its commercial
name is CRY18.37 The scintillation crystal is fully coated
with a 100 nm Al thin layer in order to prevent the pho-
tomultiplier from external light signal e.g. generated by
the heated sample. This also yields to the rejection of
backscattered electrons with energies lower than roughly
5 kV, as a 100 nm thick Al layer absorbs most of 5 keV
electron energy. The scintillation light is detected by a
photomultiplier tube module. Then, it is converted to a
video signal which is brought to the auxiliary input of the
SEM. The surface that faces the heating stage is cooled
by a heat-pipe cooling system. The limit temperature for
the detector body itself is 60◦C. This cooling system lim-
its the degradation of the detector and the detector itself
protects the objective lens from radiative heating. When
the limit temperature is reached the detector is automat-
ically retracted from the working position to protect the
detector from overheating. There is no possibility for a
bias to attract BSE as can be done for the SE signal.
A schematic view of the Karmen detector is shown in
Figure 1a.
The position of the BSE detector in the SEM chamber is

controlled by the geometry of the detector itself. The active
area of the scintillator is a ring of inner/outer diameter
3/13 mm. The solid angle of collected BSE signal is given
by the z-position of the sample, which is typically 3-6 mm

below the BSE sensor. The thickness of the BSE sensor is
5 mm. Thus, minimum working distance is 7 mm. This
means that there is a 1 mm fixed gap between the sensor
and the pole-piece and that the minimum gap between the
sample and the sensor is also 1 mm.

2.3 High-temperature
stages/combination of the Karmen detector
with the heating stages

The HT 1400 heating stage has been used for some of the
experiments performed in this study. It has been modified
in order to control precisely the specimen temperature
with a dedicated sample holder.38 The heat protection
of the objective lenses is ensured directly by the Karmen
detector that is cooled down and limits the temperature
increase in the VPSEM chamber. The secondary electron
signal is collected using a Gaseous Detection Device (the
Large Field Detector – LFD provided by FEI company)
generally associated with the ‘Low Vac’ and ‘Environmen-
tal’ modes (Figure 1b). The maximum gas pressure in the
chamber is 750 Pa.
The FurnaSEM 1000 heating stage39 has been devel-

oped by the authors and the NewTEC Scientific company
(Nîmes, France) to provide an alternative to the other com-
mercial heating stages. This heating stage is mainly metal-
lic and relatively small (included within a 40mmdiameter
circle). It is particularly adapted to the study of flat speci-
mens and the use in vacuum (but it can also be used in
a gaseous atmosphere). The control of the specimen tem-
perature is precise (±2◦C at T = 232◦C – Sn melting point;
±5◦C at T = 661◦C – Al melting point) as a S-type thermo-
couple is included in the sample holder. When working in
vacuum, it is combinedwith bothKarmen detector and the
classical Everhart – Thornley secondary electron detector
(Figure 1c).
Depending on the type of furnace that is used, the

working distance is ranging between 12 and 20 mm and
the sample-to-detector distance is ranging between 2 and
10 mm.

2.4 Image processing methods

Image processing was performed using the ImageJ
software.40 As the image series were always recorded
in the same Region of Interest (ROI) of a sample, the
images (of a same stack) were aligned using the SIFT
plugin41 for comparison purposes. For some series (ie
images recorded at different accelerating voltages), it was
necessary to adjust the whole stack contrast using the
Stack Contrast Adjustment plugin.42 When necessary,
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F IGURE 1 (a) Schematic view of the Karmen detector where (1) = SEM chamber, (2) = detector outer body, (3) = pole piece, (4) = scin-
tillator + heat sink + external light shield, (5) = light-guide + external light shield, (6) = heat-pipe cooling system. Quanta 200 ESEM FEG
(FEI company) chamber views of (b) a ‘low vacuum’ and ‘environmental’ working configuration with the HT1400 stage (FEI Company) +
large field detector + Karmen detector and (c) a ‘high vacuum’ working configuration with the FurnaSEM 1000 stage (NewTEC Company) +
Everhart-Thornley detector + Karmen detector, are reported

the images were processed using the SNR plugin43 in
order to systematically determine the signal-to-noise ratio
(SNR) associated with each image in a series of images.
In this case, the same reference image was always used.
The quality of the image considered to be poor when the
SNR value is lower than 15 dB. This value is arbitrary and
depends on the quality of the reference image.

3 RESULTS

3.1 Operating parameter limits of the
high-temperature BSE detector

During the present study, we have determined the main
operating parameter limits of the high-temperature Kar-
men detector through different tests using the HT 1400
heating stage (Figure 1b) by measuring the SNR varia-
tions on different image series. The parameters that have
been investigated were the accelerating voltage of the pri-
mary electron beam (expressed in kV), the frame rate
(expressed in frame per second, as the frame size was
1024 × 884 pixels) and the air pressure in the VP-SEM
chamber (expressed in Pa). These limits have been deter-

mined by modifying the experimental conditions using
the BSE detector and by recording the images of the
same region of interest on the specimen while varying the
parameters. The working distance remains constant and
equal to 19.0 (±0.2)mm for thesemeasurements. Themain
findings regarding the limits of the condition of use of the
detector are reported below.

3.1.1 Temperature

The maximum temperature which was reached in all
conditions was 1050◦C. One must note that in the
explored temperature range, the resolution of the BSE
image remains the same compared to that at room tem-
perature. This will be illustrated later in the present
study.

3.1.2 Nature of the gases

Several experiments were performed in air, pure O2, vac-
uum and nitrogen. N2 + 4 vol.%H2 + 2000 ppm H2O was
also used for specific experiments.44
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F IGURE 2 (a) Series of images recorded at T= 500◦C on anAl-Si coated boron steel, in a 20 Pa air pressure, primary electron beam energy
is 30 kV, with varying the frame time. (b) Values of signal-to-noise ratios (SNR) determined from the image series as a function of the frame
time. The data are reported for 2 values of gas pressure in the VP-SEM chamber, 20 and 750 Pa

3.1.3 Frame rate effect

One parameter that strongly influences the signal-to-noise
ratio of the BSE images is the scan rate (here associated
to the frame time). Two series of images were recorded
at T = 500◦C with frame times ranging between 12 mil-
liseconds and 2 minutes, at 20 Pa (Figure 2a) and 750 Pa
(see Supplementary Files S1a and S1b). The SNR results
obtained are reported on Figure 2b. They clearly indicate
that the higher the frame time, the better the signal-to-
noise ratio. As an example, the SNR increases from 16.2
to 29.2 dB when the frame time is increased from 12 mil-
liseconds to 10 seconds, with a total pressure of 20 Pa. The
decrease of this parameter can be compensated by increas-
ing both the electron beam current and the accelerating
voltage of the electron beam. The balance between these
parameters is limited by the decrease of the image reso-
lution (with increasing accelerating voltage) as well as by
the specimen sensitivity to the electron beam. The data
obtained shows that the increase of the total gas pressure
in the VPSEM chamber yields to a decrease of the SNR. As
an example, when the frame time is equal to 30 seconds,
the SNR is equal to 29.8 dB when P = 20 Pa whereas it is
equal to 24.0 when P = 750 Pa (all the other parameters
remain unchanged).
These data also indicate that images can be recorded at

T = 500◦C with very low frame times (corresponding to
frame rates up to 80 images per second when the gas pres-
sure in the chamber is equal to 20 Pa) while maintaining a
SNR value higher than 15 dB. In these conditions, 100 nm
large features remain observable – see the first image of
Figure 2a recorded within 0.012 second – and very fast
transformations of the sample can be observed.

3.1.4 Gas pressure effect

BSE images can be recorded from high vacuum (10−3 Pa)
up to a gas pressure of 750 Pa (which is themaximumvalue
achievable in environmental conditions). An image series
was recorded with different pressures, from 10 to 750 Pa of
air, at T = 500◦C, with a constant frame time equal to 5
seconds and an accelerating voltage of 30 kV (Figure 3a).
The SNR was systematically determined as a function of
the gas pressure (Figure 3b). The movies corresponding
to these experiments are reported in Supplementary Files
S2a (BSE images) and S2b (SE images). The signal-to-noise
ratio slowly decreases when the pressure increases in the
VPSEMchamber. However, the SNRof the images remains
higher than 15 dB even at high pressure. When the accel-
erating voltage was decreased to 12 kV, BSE images were
recorded up to 300 Pa and a constant decrease of the SNR
was measured with increasing air pressure (Supplemen-
tary File S2c). The SNR value remains higher than 15 dB
up to 100-125 Pa (without modifying the frame time) and it
decreased down to 11 dB when increasing the gas pressure
in the chamber up to 300 Pa.

3.1.5 Accelerating voltage effect

BSE images were recorded at high temperature using dif-
ferent accelerating voltage values ranging from 7 to 30 kV.
A series of images recorded in 10 Pa air at T = 900◦C
is reported in Figure 4a (associated movie is reported in
Supplementary File S3a). In this image series, the scan
rates were adjusted to obtain high signal-to-noise ratios.
One can see on the images that the depth of emission of
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F IGURE 3 (a) Series of images recorded at T= 500◦C on an Al-Si coated boron steel, in an air atmosphere, primary electron beam energy
is 30 kV, with a 5-second frame time (the size an image is 1024 × 884 pixels). (b) Values of signal-to-noise ratios (SNR) determined from the
image series as a function of gas pressure in the chamber and accelerating voltage

F IGURE 4 (a) Series of images recorded at T = 900◦C on an Al-Si coated boron steel in 10 Pa air, with different values of the primary
electron beam energy. The frame time is adjusted in order to optimize the SNR values. The corresponding frame times are 2 minutes, 1 minute,
30 seconds and 20 seconds for 8, 10, 15 and 20 kV, respectively. (b) SNR values determined from the image series recorded at T= 500 and 900◦C.
Frame time was fixed to 5 seconds, P = 100 Pa, for the series recorded at T = 500◦C

the BSE varies as usual with the energy of the primary
electron beam. On the image recorded at 8 kV, the elec-
trons are mainly emitted by the surface layers of the spec-
imen, and the image obtained shows rather the specimen
surface than a compositional contrast. At higher acceler-
ating voltage (ie 20 kV), compositional contrasts proba-
bly corresponding to the presence of embedded phases or
pores45 are revealed as the primary electron beam pene-
trates deeper in the sample and the BSE escape depth is
higher than at 8 kV. The BSE escape depths calculated by
Monte Carlo simulations are 200 and 800 nm at 8 and
20 kV, respectively, in Si metal.46 A second series of images

was recorded at 500◦C, with a constant frame time equal to
5 seconds and in a gas pressure equal to 100 Pa. The find-
ing is the same and in both cases, the SNR values increase
linearly with the accelerating voltage (Figure 4b). Parallel,
SE images were recorded. The associatedmovie is reported
in Supplementary File S3b. Topographic contrasts are
observable at low accelerating voltage (7 and 8 kV) on
SE images while BSE images exhibit too low SNR val-
ues (lower than 11 dB) in the same conditions. At higher
accelerating voltage, the SE and BSE images contain
complementary information corresponding to topographic
and compositional contrasts respectively.
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F IGURE 5 Annealing of a rolled Pt foil with a 27◦C/min heating ramp. First line: normal grain growth and second line: abnormal grain
growth

The operating possibilities of the high-temperature BSE
detector were large enough to perform high-temperature
experiments in a wide range of temperature and gas pres-
sure, by potentially adapting the beam conditions (acceler-
ating voltage, beam current) and frame time to the phe-
nomenon to be observed. It is really interesting to note
that a frame rate as low as 0.012 second can be achieved
(Figure 2a). This offers the possibility to record high-speed
images and to observe rapid transformations.

3.2 Experiments performed using the
high-temperature BSE detector

In order to screen the possibilities offered by the combina-
tion of the Karmen detector with the two heating stages
and SE detectors, four different experiments have been
achieved.
(1) Recrystallisation of a rolled Pt foil. The 500 µm

thick as-rolled Pt foil (Goodfellow GmbH) initially con-
tains small crystals (average diameter lower than 50 nm)
with different crystallographic orientations. A 3 × 3 mm2

square sample is cut and polished to the 1 µm diamond.
The polishing finishing is obtained with a 100 nm silica
suspension. Sample annealing experiment is performed in
vacuum with the FurnaSEM 1000 heating stage with a
25◦C/min heating ramp. The beam conditions are 20 kV
and a 14.4 mm working distance. BSE images are con-
tinuously recorded at different magnifications in order

to observe transformations that can occur at different
scales.
The results obtained are reported as an image series

(Figure 5). Complete series are also reported as movies in
Supplementary Files S4a to S4d. These images illustrate
the possibility to observe the recrystallisation processes
that are generally not possible or very difficult to observe
by high-temperature EBSD. For very fast phenomenon, it
is necessary to cool down the sample to RT before record-
ing EBSD patterns.25 With this detector, it is possible to
record very fast processes such as recrystallisation of Pt (up
to a maximum of 80 images per second) but EBSD pro-
vides additional information (crystallographic orientation
of grains) that cannot be derived fromBSE orientation con-
trast images.
Using the BSE signal, it is possible to observe contrasts

corresponding to different crystal orientations within the
microstructure of the Pt foils and to describe precisely the
recrystallisation processes. They are associated to grain
growth during the 25◦C/min annealing. The normal grain
growth is observed first, in the ‘low temperature’ range,
and it is characterised by a continuous growth of the grain
size in the temperature range 450-700◦C, that is below the
T/Tm = 0.5 ratio generally accepted for an onset of the
atomic diffusion in the metal lattice (Tm is the melting
temperature of the metal). When this ratio is reached, fast
abnormal grain growth is observed at higher temperature
(T = 717◦C), with an acquisition period of 2 seconds per
image (Figure 5). As expected, normal grain growth takes
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F IGURE 6 Series of images recorded at high temperature in high-vacuum conditions during the recrystallisation of multiphasic high-
temperature alloy using the Karmen BSE detector. The inlet corresponds to a magnification of the 2 × 2 µm2 central zone

place prior to abnormal grain growth.47 This transition has
recently been reported by Salanov et al (2019) but it has not
been observed as precisely as reported herein.48
This is to our knowledge the first time that images of

so fast microstructural transformation (with a time step of
1-2 seconds between two images) are recorded in situ and
that the fast grain growth can be observed directly. From
these image series, and by developing appropriate image
processing, several kinetic parameters that are character-
istic of the processing observed on the images could be
determined. These parameters could be relative with the
determination of grain growth rates. The determination of
the rate of grain boundary motions and the determination
of the main kinetic and morphologic characteristics of the
2 steps processes will be reported and discussed in details
in a future work.
(2) Recrystallisation of a multiphasic high-temperature

alloy. The sample is a nickel-based Inconel 625
(NiCr22Mo9Fe4.3Nb3.6 in wt %) manufactured using
selective laser melting. The layer-by-layer fabrication
stages yielded a microstructure characterised by very fine
solidification structure. It results in small cells and elon-
gated dendrites in parallel to the thermal gradient. The
microstructure is highlighted by Mo and Nb segregations
in the intercell and interdendritic spaces. The interden-
dritic distance is indicative of the very high cooling rate
associated to the high laser scan rate employed (∼90 cm/s).
Its detailed microstructure is described elsewhere.49 For
the present investigation, the sample was thinned to
500 µm. Its surface was polished with 1 µm diamond paste
and then with a 100 nm diameter silica suspension. Then,
the sample is placed in the FurnaSEM 1000 heating stage
and annealed in vacuum with a 50◦C/min heating ramp
up to 800◦C, then 20◦C/min up to 1050◦C. Note that this
experiment was not possible to perform when using the
HT 1400 heating stage. Indeed, in this configuration, gases
are released by the heating stage (that contains porous
ceramic components) with the temperature increase (until
1050◦C). Thus, the alloy reacts with the gases at high

temperature and this yields to the deterioration of its sub-
surface microstructure by oxidation, when temperature is
equal and higher than 950◦C.
The FurnaSEM 1000 heating stage allows working in a

very low vacuum (in the order of 10−3 Pa). A small piece of
a Ti foil was also added close to the alloy sample to act as
an oxygen getter. After the experiment, the Ti foil remained
metallic and it only exhibits a light blue colour (indicating
a very limited surface oxidation).
During the annealing, the alloy sample is not oxi-

dised nor nitrided. Several images recorded at different
temperatures and showing the microstructural modifica-
tions occurring during sample annealing are reported in
Figure 6. Complete image series are reported in Supple-
mentary Files S5a to S5d. The initial microstructure of
the alloy remained stable up to 907◦C. When prolonging
the annealing to 1050◦C, as evidenced by additional EBSD
measurements, those selective lasermeltingmaterials con-
tain a small amount of dislocations compared to mechani-
cally deformed materials.50 Therefore, their recrystallisa-
tion rate at 1050◦C is probably low and requires longer
annealing or a higher annealing temperature to be com-
plete. Unfortunately, the highest temperature that can be
reached by this heating stage is too low. Indeed, this spe-
cific material has not stored enough energy for allowing
the initiation of the recrystallisation process. However, the
implementation of those in situ BSE observations prove to
be perfectly suited to highlight the grain boundaries, and
consequently their mobility, when recrystallisation pro-
cesses have to be characterised at 1050◦C. This is notably
the case of mechanically deformed Ni-based alloys which
contain a dense dislocation network.
Moreover, those BSE observations showed the in situ

thermal etching of the chromium-rich superalloy which
happens in vacuum.The latter is due to aweak sublimation
of chromium which is favoured at the grain and dendrite
boundaries where the solid-state diffusion of chromium
is high compared to the other elements that are present
in the bulk. This process leads to a slight recess of the
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F IGURE 7 (a) High-magnification images of the oxidation of a Ni-25Cr-1.5Mn alloy in 50 Pa air up to 1050◦C. (b) X-ray quantitative maps
[Ni (Lα line), Mn (Lα line), Cr (Lα line) and O (Kα line)] recorded after sample cooling to room temperature on the region of interest observed
at 1050◦C, t = 106′22″, (E0 = 8 kV)

intergranular and interdendritic zones which highlights
the periphery of the grains and dendrites.
The direct observations of the microstructure of mate-

rials (case of Inconel 625 alloy) as well as the microstruc-
tural transformations (case of Pt foil) clearly illustrate the
possibilities offered by the combination of FurnaSEM 1000
with the Karmen detector in the field of metallurgy. Pre-
cise and local studies can be performed to describe the
effect of heat treatment on the evolution of alloy or metal
microstructures.
(3) Oxidation of a Ni-25Cr-1.5Mn alloy in 50 Pa air up

to 1050◦C. A complete description of the oxidation process
and formation of oxide layers is reported elsewhere.51,52
The oxidation test was performed using the FurnaSEM
1000 stage combined with the Karmen BSE detector. The
sample was heated with a 50◦C/min heating ramp up to
800◦C, then with a 20◦C/min heating ramp up to 1050◦C,
in 50 Pa of air (ie a relatively low oxygen pressure when
compared to the previous study which was performed at
200 Pa pure oxygen). Then, the temperature is maintained
constant for one hour. The images were recorded at 20 kV.
The sample surface was prepared by polishing with

a 1 µm diamond paste then with a 100 nm silica
suspension. Before the oxidation test, the alloy surface is
homogeneous. After the sample insertion in the ESEM
chamber, imageswere recorded at differentmagnifications
on a triple grain junction (Figure 7a). The complete image
series are reported in Supplementary Files S6a to S6e.
The recorded images allow the direct observation of

the beginning of the oxidation process at low tempera-

ture and low O2 pressure. The variations of the BSE con-
trasts observed during the sample oxidation show the com-
plexity of the processes that arise at the very beginning
of the material oxidation. The formation of pores is first
observed at the surface of the grains during the heat-
ing stage, whereas the area neighbouring grain bound-
aries looks unaffected by this phenomenon. A complex
oxide layer with several oxides forms at 1050◦C as deduced
of the different grey levels appearing on the BSE image.
When combined with X-raymaps recorded after the exper-
iment (after sample cooling to room temperature), it can be
observed that the oxides contain different amounts of Cr,
Ni and Mn (Figure 7b).
The details of the oxidation mechanism are reported

by Perez.53 The main features of the series of images
reported herein are consistent with that mechanism.
Indeed, Perez52 evaluated the microstructure of the oxide
scale with accuracy by using HRTEM coupled to the
ASTAR measurement (EBSD-TEM like). Their results
show a complex stratification consisting, from the atmo-
sphere/oxide interface to the oxide/substrate interface, of
a thin layer of MnCr2O4, followed by a thick layer of Cr2O3
made up of columnar grains and finally of a thin layer
of equiaxed Cr2O3. Moreover, the photoelectrochemistry
measurements prove this oxide layer is characterised by a
n-type semiconductivity due to the main diffusion of Cr
and Mn interstitial cations leading to an external growth
of the oxide scale.
According to the previous pictures (Figure 7a), the main

information is that the superficial layer of the oxide grows
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F IGURE 8 Images of the Ni-30Cr 1.5Mn alloy surface after oxidation at 1050◦C in 50 Pa air in the ESEM chamber recorded at different
magnifications and centered on the image reported on Figure 7. (a), (b) Details of the surface showing the different oxides. The black rectangle
corresponds to zone C. The white rectangle corresponds to zone D

externally as depicted by the proposed mechanism. There-
fore, it is kinetically controlled by the diffusion rate of the
metallic constituents. In Figure 7a recorded at 893◦C, the
appearance of pores clearly indicates the arrival of metallic
species by solid-state diffusion, too slow to counterbalance
those oxidised. On the contrary, within the grain bound-
ary, this kinetic limitation does not take place because the
solid-state diffusion of metals is higher and therefore, the
oxide seems denser and free of pores.
An image series recorded at 1050◦C is reported on

Figure 8 in order to highlight the resolution of the BSE
images recorded at highmagnification and at high temper-
ature. Crystals as small as 100 nm long can be observed at
20 kV on Figure 8d.
(4) Temperature transformations of an Al-Si coated

boron steel. The sample is a patented 22MnB5 steel covered
by a 25 µm thick Al-Si coating54 and it has been studied as
received. Prior to the beginning of the experiment, X-ray
maps of the elements Fe, Al, Si and O have been recorded
in order to describe precisely the elements distribution
in correlation with the BSE image (Supplementary File
S7). The coating initial microstructure can be described
as a matrix of aluminium with silicon rods, Al-Si alloys
and Fe-Al-Sidendrites dispersed in it (Supplementary Files
S8a and 8b). According to Maitra and Gupta,55 those den-
drites are composed of τ5 (Fe2Al7.4Si) and τ6 (Fe2Al9Si2)
phases, τ6 crystallising in needle or rod shapes around τ5.
The experiment has been performed in 20 Pa air atmo-
sphere in order to collect both SE and BSE signals and
to further correlate composition contrast with topographic
contrast. The heating ramp was 15-20◦C/min. During this
experiment, the FurnaSEM 1000 heating stage was associ-
ated with the GDD that has been used for the SE collection
and with the Karmen BSE detector for high temperature.
The morphological modifications of the sample surface as
well as the compositional variations were observed using
both series of images, from room temperature up to 900◦C,
using a 12 kV accelerating voltage. The complete image
series are reported as Supplementary Files S8a and S8b

where both BSE and SE images are gathered together for
the same temperature. With these data, direct observation
of the phase formation/transformations could be reported
as a function of temperature. Selected BSE images that are
representative of the different coating transformations are
reported on Figure 9.
First, no significant modification is observed at the sur-

face of the sample up to 550◦C. Then, major transforma-
tions of the coating microstructure begin at T = 550◦C.
Up to 600◦C, the different transformations that occur do
not modify significantly the topography of the sample sur-
face, as observed on the SE images. These transformations
have not been completely observed before when using sec-
ondary electrons45 but their existence have been proposed
by Podor et al (2020) while observing 3D modifications of
the sample surface.56 Among the new surface transforma-
tions observed using BSE in comparison with SE, it can be
noticed that:

- At T = 550◦C, the beginning of large-scale modifi-
cations is observed at the surface of the coating on
theBSE images. Large darker zones are formed start-
ing from 550◦C and they move as the temperature
increases (see Figure 9a). These contrasts are associ-
ated to variations of the coating composition. They
can be attributed to a partial oxidation of Al and
formation of an Al2O3 protective layer.57 This could
be associated with the partial melting of the coating
and/or dissolution of elements present in the alloy.

- Moreover, at T = 550◦C, after the dendrites dissolu-
tion (Fe-Al-Si ternary phases) already observed by
Barreau et al,45 the fast precipitation of acicular crys-
tals that appears lighter that the surrounding liq-
uid is observed. These crystals are then quickly dis-
solved into the liquid and they are not observed any-
more when T > 558◦C (Figure 9b). To our knowl-
edge, it is the first time this phase transformation
is observed. Regarding their specific shape, it is
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F IGURE 9 Heat treatment of an Al-Si coated steel from room temperature to 900◦C with a 20◦C/min heating ramp. Selected BSE images
representative of the different observed transformations. (a) Variations of the BSE contrasts on the coating between 579 and 627◦C. (b) First
precipitation and dissolution of acicular crystals between 543 and 558◦C. (c) Second precipitation and dissolution of square-shaped crystals
between 562 and 624◦C. (d) Third precipitation of hexagonal-shaped Fe-Al-Si τ5 crystals between 616 and 635◦C. (e) Fast phase formation due
to the melting of the coating between 643◦C and 666◦C. (f) Slow solid-state transformations and oxidation of the surface phases between 674
and 902◦C
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hypothesised that these acicular crystals come from
Si rods formation resulting from previous Fe-Al-Si
phase dissolution.

- In the 560-616◦C temperature range, the formation
of a newFe-Al-Si phase (probablymostly of τ6 phase)
that have a square shape is observed. These crystals
are later dissolved in the liquid phase and they are
not observed anymore when T > 616◦C (Figure 9c).

- When temperature is ranging between 618 and
636◦C, new crystals appear at the sample sur-
face. These new hexagonal-shaped crystals will be
the hills that will be observed at higher temper-
ature (Figure 9d). As already described by Bar-
reau et al, they result from the previous dissolution
of τ6 with Al leading to the formation of τ5 (the
only Fe-Al-Si phase crystallising in the hexagonal
system).45

These three steps are clearly observable on the BSE
image series while they are more difficult to observe on
the SE images as they are not directly correlated to clear
topographic variations.

- When 635◦C > T > 673◦C, the complete fusion
of remaining aluminium is observed through the
deformation of the coating surface (on both BSE and
SE images). Fast transformations occur in this tem-
perature domain. They quickly yield to the forma-
tion of hills at the same location of the hexagonal-
shaped τ5 phases formed at lower temperature. In
the same time, the remaining liquid reacts with the
substrate and new phases that have the form of
platelets are formed. These transformations are very
fast and they can be observed due to a very fast
scanning rate achievable with the BSE detector. In
this temperature range, the images were recorded
with a frame time of 500 milliseconds. Despite a
fast scanning rate, the quality of the BSE images
remains good (with a signal-to-noise ratio higher
than 15 dB) while the quality of the SE images is
relatively poor (low signal-to-noise ratio yielding to
very noisy images with few topographic contrast
information). Only the BSE signal (collected with
the Karmen detector) allows observing clearly these
transformations (Figure 9e).

- When the temperature is above 675◦C, slow
chemical transformations occur through high-
temperature reactivity and progressive iron dif-
fusion from the steel to the surface (formation
of Fe-enriched phases). They yield to limited but
observable surface morphological variations. At
T = 900◦C, the coating is annealed isothermally

for 30 minutes leading to the formation of porosity
that have already been hypothesised to result
from the formation of a crystallised α-Al2O3 layer.
They are observable on both SE and BSE images
(Figure 9f).

4 DISCUSSION

The comparison of both BSE and SE sets of images yields
to the following general remarks. First, each type of image
contains the expected information. BSE images recorded
with the Karmen detector provide composition contrasts
without any topographic information, as the SE signal is
stopped by the 100 nm Al layer deposited at the detector
surface. The Gaseous Detection Device used for SE col-
lection provides images containing topographic informa-
tion. There is no effect on the detectors of thermal ionic
electron emission as well as light emission. Second, huge
differences in the dynamic of the detectors are observed:
using the GDD yields to the recording of very noisy images
(due to the air pressure in the chamber which was limited
to 20 Pa) when the frame rate is equal to – or below – 1
second while the quality of the BSE images remains good
or acceptable (SNR value equal or below 15 dB). Trials to
record BSE images with a frame rate of 80 images/second
(with a 512 pixels large resolution) were successful and
yielded to images with a SNR higher than 15 dB (see
Figures 3a and 3b). This clearly paves the way to the direct
observation of very fast transformations (high-speed high-
temperature electron microscopy) that was not achievable
up today with Gaseous Detection Devices. Third, BSE (and
SE) images were recorded with the high voltage of 12 kV.
However, it was possible to decrease the accelerating volt-
age down to 8 kV and to record images using the Karmen
detector (Figure 5b).
The BSE images give a direct information of the

phase formation/transformations occurring at the surface
(approximately the first micrometre in depth) of the sam-
ple. Then, a complete description of these transforma-
tions can be proposed obviously regarding data obtained
through other characterisation techniques (Thermal anal-
ysis methods – DTA/DTG, high-temperature X-ray diffrac-
tion etc).Moreover, the set of BSE images allows to observe
and to describe phenomena that can occur in a very small
temperature window. Indeed, during the heating of the Al-
Si coating, one can observe the formation of acicular pre-
cipitates that further dissolve within an 8◦C range between
550 and 558◦C.
From all the data we have obtained during the present

study, themain advantages of theKarmenBSE detector are
listed hereafter:
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- The detector can be attached with any type of SEM com-
bined with a high-temperature stage and it allows work-
ing in the high-vacuum and low-vacuum modes.

- It allows (a) the collection of the back scattered electron
signal emitted from a heated sample (b) while filtering
the thermal electron emission and (c) it is not sensitive
to heat and to light emission due to the black body emis-
sion.

- Furthermore, there is no need to protect the SEM cham-
ber from thermal radiation (to a reasonable extend) as
the Karmen detector directly plays the role of a heat
shield. This remains true as long as the safety cooling
fluid temperature is not reached. This approximately cor-
responds to a maximum sample temperature equal to
1000-1050◦C.

By combining in situ BSE images with post mortemEDS
analyses of the samples, it is possible to associate the BSE
contrasts with the phase compositions and to propose clear
chemical transformation pathways.

5 CONCLUSIONS

A BSE detector developed and adapted for high-
temperature experiments in a SEM has been tested
in different experimental conditions under working con-
ditions. We have demonstrated that it can be used in high
vacuum, as well as in low-vacuum and environmental
conditions (up to gas pressure remaining in the VP-SEM
chamber equal to 750 Pa). Themaximum temperature that
has been reached with this detector is 1050◦C. Neither
supplementary heat shield nor thermal electron filter is
required with this detector that is not sensitive to thermal
electrons and to light emissions due to sample heating.
As a matter of fact, if associated with any heating stage,

this detector could be potentially installed in any type of
SEM. Thus, it will allow collecting backscattered electrons
at high temperature in the presence of gases in the SEM
chamber. This truly offers new opportunities to develop
high-temperature experiments in gaseous atmospheres,
even when using a conventional SEMwhich can work in a
‘low vacuum’ mode.
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