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Abstract: In this study, we analyzed the problem of a compact furnace, to be used for in situ
experiments in a cone-beam X-ray microtomography commercial system. The design process was
accomplished and outlined through its main steps, until the realization of a prototype. The furnace
was conceived to carry out wettability experiments at temperatures up to 700 ◦C and under inert
atmosphere on sessile droplets of a molten metal alloy, with a few millimeters diameter, posed on a
thin ceramic substrate. X-ray imaging of the molten droplet is expected to permit an accurate three-
dimensional reconstruction of the droplet profile and a robust estimation of the related quantities
(such as the contact angle and the surface tension) utilized for the assessment of metal-ceramic
joints by brazing. The challenges faced during this project, mostly related to the constraints of the
setup, and the novel solutions implemented were discussed also with the support of analytical and
numerical tools, in terms of interaction of X-rays with matter, geometry and working principle, heat
transfer and insulation, material selection.

Keywords: X-ray microtomography; in situ experiments; wettability; brazing joints; materials science

1. Introduction

Fully three-dimensional, high accuracy imaging by X-ray computed microtomography
(see e.g., [1]) represents an extraordinary and flexible tool to improve the conventional
experiments on materials, fostering research and innovation. As is well known, the X-
ray beams, generated from a synchrotron source or by a laboratory tube, can penetrate
an opaque sample; the attenuated images, revealed by a scintillator and digitized by a
camera, through the tomographic inversion, provide information on the bulk material,
to be interpreted in a qualitative or a quantitative fashion; see [2,3]. In situ experiments,
namely, tests monitored in real time by an X-ray system, represent well-established, mod-
ern techniques in diverse disciplines, favored by the improved spatio-temporal resolution
(down to submicron and millisecond scales), although the big amount of data often re-
quires off-line processing [4]. Among the numerous contributions available in the recent
literature, we can mention the following: Hameed et al. [5], investigating the damage
mechanisms in SiCf/SiC samples under in situ compression loading at room temperature;
Patterson et al. [6], who studied the mechanical response of hyperelastic polymer foams
by a loading apparatus utilizing a polymethyl methacrylate (PMMA) shell to reduce the
attenuation; the research [7] by Zambrano et al., where the flow of the deionized water in
grainstone samples was monitored through 2D dynamic radiography and 3D tomography
by a spallation neutron source, with bimodal imaging (X-rays and neutrons, sequentially);
the study [8] by Tötzke et al., who made recourse to an ultrafast neutron tomography to
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track the dynamic water flows through a porous soil column. In this respect, several tech-
nological features of the tomographic systems play a crucial role, such as the mechanical
and thermal stability of the setup during the acquisition process or the effective coupling
with the auxiliary apparatus.

Often, advanced applications require furnaces with an innovative design for ex-situ
heating. For instance, Tosti et al. [9] developed a high temperature oven where a SiC
sample could rotate into a lithium-lead bath, to assess the erosion and the corrosion of
the composite; Lee et al. [10] realized a vacuum furnace for a fluxless bonding process,
inhibiting the oxidation of the solder whilst it is being melted. In the context of the X-ray
microtomography by a synchrotron light, Bellet et al. [11] realized a water cooled furnace
equipped with a quartz glass chamber, to carry out in situ experiments and study the
microstructural evolution of material samples; Grupp et al. [12] developed an in situ radia-
tion furnace utilizing halogen heating lamps, water and air cooled; Haboub et al. [13,14]
realized a large-size and presumably heavy assembly, mounted on a portable rotary stage,
coupling an oven under vacuum for ultrahigh temperatures with a loading apparatus for
tension/compression, both water cooled for thermal stability. It is worth emphasizing
that the synchrotron beamlines can usually accommodate large size equipment for in situ
testing, which exploit also the superior quality of the light for different features.

The above perspectives gave rise to the attempt of monitoring through X-ray microto-
mography the wettability experiments of a liquid droplet on a solid substrate, referred to
as sessile drop tests. At room temperature under air, Santini et al. [15] investigated drops
gently deposited on a substrate. At high temperatures, such tests must be carried out under
inert gas or under high vacuum, to prevent the oxidation that significantly modifies the
surface features of the droplet and, with them, the wetting behavior. These experiments
are widely utilized in materials science for the assessment of the metal-ceramic brazing
joints through measurements of the contact angle, see e.g., [16–19]. The ultimate aim is to
supersede the conventional approach, based on a 2D side view of the droplet (see [20]),
with an accurate three-dimensional reconstruction of the droplet profile at rest provided by
the X-ray microtomography [15].

This paper deals with the design, the analysis and the realization of a novel experi-
mental equipment, that allows the sessile drop experiments at high temperatures (700 ◦C)
and under inert atmosphere to be performed in situ through a laboratory X-ray setup.

2. Materials and Methods

The commercial system for X-ray microtomography currently available in the labora-
tory “AMALA” of Politecnico di Milano (Milan, Italy) is the X-25 model produced by NSI
(North Star Imaging, US). It includes the following: an X-ray microfocus transmission tube
(XRayWorkX, model XWT-160-T), with maximum voltage 160 kV, maximum current 3 mA,
maximum power emission/target 80/10 W, focal spot < 2 µm; a CMOS flat panel detector
(Dexela, model 1512) with a Gadox scintillator, with 145 mm × 115 mm active image area,
1944 × 1536 pixels and 74.8 µm pitch, 16 bit digitization. The tube, with a target made
of beryllium as substrate and tungsten as active layer, generates a polychromatic X-ray
beam by bremsstrahlung radiation, see e.g., [21]: as well known, its emitted continuum
spectrum exhibits a photon energy at peak equaling the tube voltage (keVp). Figure 1
shows the inner part of the cabinet. The system with a cone beam geometry [22], apt to
position independently the rotary stage and the detector along a length of almost 900 mm,
is capable of geometric magnifications up to about 65× for the smallest samples, which
can be shifted very close to the tube.
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grammable; in the simplest scenario, the sample follows the 360° rotation of the rotary 
plate, controlled by the built-in software. Moreover, since we intend to scan a molten 
droplet at rest over a substrate, it is extremely important that the rotation occurs in a stable 
way, with small vibrations and wobbling. 

(v) As for the heating process, the furnace must attain temperatures of at least 700 °C, 
uniformly in the neighborhood of the sample. The materials selected for the different com-
ponents must be compatible with such service temperatures; their thermal expansion 
must be taken into account for the design solutions. 

On the basis of the general considerations (i)–(v), it appears clear that several prob-
lems were implied in the development of the novel equipment. Figure 2 shows a drawing 
of the prototype within the tomographic setup, with some dimensions. A list of the main 
components of the prototype was included in Table A1 (Appendix A), which specifies 
their role and the materials selected together with a reference code, recalled in the text and 
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Before going into details, it is worth emphasizing a design choice we assumed at the 
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the rotary stage of the tomograph through a properly insulated transmission system. The 

Figure 1. Inner view of the cabinet for X-ray microtomography available at Politecnico di Milano,
showing the 4-dof motorized system for the sample positioning (see the reference frame), the tube
and the movable detector.

Which constraints the novel furnace is supposed to satisfy?
(i) As a basic constraint, the prototype must fit the limited space available within

the tomographic cabinet (see Figure 1). This constraint has important consequences well
beyond the geometry of the equipment, and gives rise to serious difficulties. First of all, the
thickness of the insulation layers for the furnace must remain small; at the same time, the
temperatures over the outer wall of the equipment have to be kept low, to avoid damaging
the other components of the tomograph.

(ii) The furnace must not exceed the weight capacity of the rotary stage (herein 11 kg):
surpassing that threshold, the precision of the angular rotation is no longer guaranteed.

(iii) Since the voltage and the current of the X-ray tube are not high, the design of the
furnace with the selection of the constituent materials and the sealing solutions must imply
as much as possible a reduced attenuation for the X-ray beam.

(iv) In a commercial, turnkey tomographic system the acquisition process is not
programmable; in the simplest scenario, the sample follows the 360◦ rotation of the rotary
plate, controlled by the built-in software. Moreover, since we intend to scan a molten
droplet at rest over a substrate, it is extremely important that the rotation occurs in a stable
way, with small vibrations and wobbling.

(v) As for the heating process, the furnace must attain temperatures of at least 700 ◦C,
uniformly in the neighborhood of the sample. The materials selected for the different
components must be compatible with such service temperatures; their thermal expansion
must be taken into account for the design solutions.

On the basis of the general considerations (i)–(v), it appears clear that several problems
were implied in the development of the novel equipment. Figure 2 shows a drawing of
the prototype within the tomographic setup, with some dimensions. A list of the main
components of the prototype was included in Table A1 (Appendix A), which specifies their
role and the materials selected together with a reference code, recalled in the text and in
the figures for better clarity.
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Figure 2. (a) Axonometric view of the furnace positioned within the cabinet, with a pictorial representation of the X-ray
beam (colored in red) emitted by the tube; (b) enlarged view of the prototype, with overall dimensions.

Before going into details, it is worth emphasizing a design choice we assumed at
the beginning of this study and affected all the subsequent steps. Inside the furnace,
exclusively the sample holder, on which the droplet/substrate pair rests, can rotate fastened
to the rotary stage of the tomograph through a properly insulated transmission system.
The heating element (with all its cables and wires) as well as the multilayer structure
surrounding the test chamber remain still during the whole scanning process, clamped to
the translatory stage of the tomograph. By this choice we solved two problems at once:
we prevented complications due to rotating twisted wires, stiffened by the insulation
coating; secondly, we permitted an accurate positioning of the entire furnace with respect
to the X-ray source, and a full control of the geometric magnification within the cone
beam geometry.

As depicted in Figures 2 and 3, the novel equipment possesses a cylindrical geometry,
with outer diameter 144 mm and height 250 mm, including within its interior several
coaxial layers. The outer surface is constituted of a metal shell (ref. 11) with some openings,
playing at the same time a structural and a protection role, closed at the top and at the
bottom by two cylindrical steel headers (ref. 03 and ref. 04). Such headers are connected
to each other by four pillars (ref. 19) fixed by screws, and, together with the outer shell,
constitute a stiff skeleton for the entire apparatus, see Figure 4. Moreover, both the headers
of the furnace include two lateral conduits with connectors for the gas (ref. C10). A quartz
glass tube (ref. C01), sealed through O-rings (ref. C07), contains the inner atmosphere
while permitting X-ray irradiation with a low attenuation.

As represented in Figure 5, in the core of the furnace a compact metal cylinder (ref. 06)
serves as a sample holder for the molten droplet/ceramic substrate pair. It is fastened
to special components transmitting the rotation and providing an adequate insulation to
the lower parts of the furnace. The sample holder is surrounded by the heating element
(ref. 30), see Figure 6. The heating element in turn is enclosed by a cylindrical insulation
layer (ref. 31), extending from the base up to 20 mm beyond its top surface (aligned with
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the base of the sample). Two small rectangular openings in the insulation layer were
positioned along the path of X-ray beam, to reduce as much as possible its attenuation.
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Consistently, the outer metal shell (ref. 11) also includes two openings at the corre-
sponding points. The compact roof of the furnace chamber (ref. 32) exhibits a cylindrical
shape which prolongs vertically the outer insulation layer (ref. 31) up to the furnace lid.

The entire furnace is anchored to the translation stage of the tomograph by means
of a massive metal support, easily removable. Such a support was conceived to reduce
vibrations as much as possible and to permit an accurate positioning of the furnace without
modifying the preexisting setup.

After a general outline of the main features of the furnace prototype, we now provide
a description of the single components, highlighting the design choices and the materi-
als selected.

2.1. Quartz Glass Tube

The inner part of the furnace is enclosed by a 2 mm thick quartz glass tube (ref.C01),
with inner radius 48 mm and height 200 mm; it exerts a confinement for the inert gas
volume filling the test chamber and the connected cavity, see Figures 3–5. The tube, made
of a high purity fused silica, was provided by Squall International bv (NL). Quartz glass
exhibits the following main features: (i) a low X-ray attenuation; (ii) a maximum operating
temperature of 1100 ◦C (with a peak temperature of 1300 ◦C) and a good thermal shock
resistance; (iii) low thermal expansion. Some of its properties are listed in Table A2. As a
drawback, quartz is a brittle material, and the limited workability implies tolerances higher
than metals: the geometry of the tube transversal section cannot be guaranteed with a high
accuracy (in practice, the cross section of the tube turns out to be slightly elliptical) and may
vary along the height. The ends of the quartz tube are housed inside the furnace headers
and sealed by means of O-rings, able to resist up to 350 ◦C, which cushion elastically the
possibly irregular profile and its thermal deformation in the horizontal plane; along the
vertical direction, the upper end of the tube is free to expand in a cavity left within the
upper header.

2.2. Furnace Headers

The cylindrical headers of the furnace (see Figure 4), one for the upper end (ref. 03)
and the other one for the base (ref. 04), were made of AISI 304. AISI 304 stainless steel is
less conductive than carbon steel and exhibits a high workability; some of its properties are
listed in Table A3.

The headers accommodate the outer metal shell (ref. 11) into a groove of their perime-
ter. The lower header (ref. 04) is constituted in its interior of a compact, circular plate with
a few, very small peripheral holes (each one with diameter 4 mm) for cables and wires,
and a central hole with diameter 26 mm for the insertion of the rotary motion feedthrough
(ref. C06). To permit the inspection and the positioning of the sample, the upper header
is equipped with a hinged lid (100 mm diameter), partly finned to enhance cooling. Both
the headers possess two lateral ducts, equipped with outer connections for the gas pipes,
which appear sectioned in Figure 3. To favor the gas circulation, a small hole can be drilled
also at the base of the insulation layer and of the ceramic crown.

2.3. Sample Holder

The sample holder is a compact cylinder (ref. 06) with diameter φ06 = 36.5 mm and
height l06 = 31.0 mm, made of HASTELLOY C22(r), a nickel-chromium-molybdenum
alloy with a melting temperature of 1399 ◦C. HASTELLOY C22(r) exhibits high ductility,
excellent weldability and high resistance to both oxidizing and non-oxidizing chemicals;
for these reasons, it is widely utilized in reactors and heat exchangers. Its properties were
included in Table A4.

The piece includes a 2 mm deep recess in the upper part, to house safely the molten
droplet/ceramic substrate pair. As it can be seen in Figure 7, another cylindrical recess was
realized in the lower part of the piece, to provide a secure connection with the insulating
pad (ref. 09).
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2.4. Rotation Transmission System

The rotation transmission system, coaxial with the central axis of the furnace, connects
the sample holder to the rotary stage of the tomograph. It is constituted of the following
components, as illustrated in Figures 5 and 7: from above to below, the insulating pad
(ref. 09), the insulating shaft (ref. 08), the feedthrough (ref. C06) and a screwed connection
(ref. 20). Its main role is to transmit effectively the rotation, in such a way that during the
radiograph acquisition, the sample rotates together with the rotary stage of the cabinet.
Moreover, the rotation transmission system must provide an effective thermal insulation,
since it realizes a thermal bridge between the hot sample and the rotary stage of the
tomograph, and has to prevent gas leaking through the lower base.

The rotary motion feedthrough (ref. C06), provided by ANCORP (US) with the main
parts of stainless steel, by its 110 mm length transmits rotations from the outside to the
inside of the furnace lower header. It exhibits a maximum operating temperature of about
400 ◦C, since one of its parts is sealed by an elastomer. The two ball bearings in it allow a
smooth and friction-free rotation of the shaft around its axis.

Since the thermal conductivity of the stainless steel is high, namely k = 17 W/(m·◦C),
to minimize the heat transfer the feedthrough was inserted coaxially inside a cylindrical
groove realized at the lower end of the mushroom-shaped shaft (ref. 08). Such an insu-
lation component was worked by a numerical control machine from a prismatic block
of ORVICAL 1500(r). The same material was utilized for a further component, referred
to as insulation pad (ref. 09), positioned inside the lower recess of the sample holder.
ORVICAL 1500(r) is an asbestos free compound material based on heat-treated calcium
silicate with a low thermal conductivity. Its long-term operating temperature can attain
1500 ◦C, with peaks of 1600 ◦C.

In a preliminary phase of this study the glass ceramic MACOR(r) and the calcium
silicate based ceramic DURATEC 750(r) were also considered as possible candidates. The
mechanical and thermal properties of these three materials were reported in Table A5.

It is worth considering that, along with many engineering materials, the porous ce-
ramics are subjected to outgassing, namely to the release of gas absorbed or trapped, which
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can contaminate the test chamber, see e.g., [23]. However, the outgassing rate, generally
worsened by the high temperatures, can vary by several orders of magnitude from material
to material, or also for the same sample as a consequence of chemical/physical treatments,
such as the polishing/cleaning of the surfaces by suitable products, the exposure to UV rays
or the “bake-out”, namely a combination of heating and vacuum cycles [24]. A commonly
adopted procedure to reduce the contamination level consists of blowing inside the test
chamber an inert gas with a high or ultra high purity, at a pressure slightly higher than the
atmospheric pressure, acting as a sort of flushing.

2.5. Heating Element

The heating circular crown (ref. 30, see Figures 5 and 6) has the outer and inner
diameters equal to 62.4 mm and 39.3 mm, respectively. It was realized by a refractory
ceramics with commercial name 42TE, produced from fireclay. The ceramic element was
realized by superimposing two precast cylinders: the upper one surrounds the sample
holder, with height 31 mm, has several holes housing the electrical resistances capable of
providing a maximum electrical power of 1100 W, and one thermocouple; the lower one
serves as a base, posed onto the inferior header. A 1.4 mm thick cavity was left between the
heating cylinder and the coaxial sample holder (ref. 06), to guarantee no contact conditions
during the rotation, when including the thermal deformation.

2.6. Thermal Insulation

The material PROMAFORM(r) was selected to realize both the cylindrical layer (ref. 31)
surrounding the heating element, and the compact cylindrical roof (ref. 32), extending from
the top surface of the lateral insulation layer up to the furnace lid, see Figures 5 and 6. The
brand name PROMAFORM(r) indicates a variety of high-quality insulation sheets made
of refractory ceramics or of bio-soluble fibers, especially suitable for high temperatures.
They exhibit a high workability and an excellent resistance to flame and to thermal shocks.
In particular, PROMAFORM(r) ECO 1250, whose properties were included in Table A6, is
certified as not carcinogenic.

To reduce the X-ray attenuation, two openings, 20 mm high, were realized within the
insulation cylinder (ref. 31), at the same level of the sample. Due to the cone beam setup,
the window closest to the source was created 20 mm wide, the opposite one, 30 mm. The
window size was optimized to include within the field of view drops and substrates of
diverse dimensions, at varying the magnification. Effectiveness of this choice was validated
experimentally by radiographs on a phantom.

In the cavity between the quartz tube and outer metal shell, as indicated in Figures 3 and 5,
a further insulation panel was inserted, made of AMAGEL(r) A2 650, provided by AMA
composites (Italy). AMAGEL(r) is a siliceous aerogel based composite, with an insulating
matrix based on glass fibers and a high concentration of Airgel nanoporous foam. It exhibits
a low thermal conductivity, namely kAMA = 0.019 W/(m·◦C), working temperatures up to
650 ◦C, superior flexibility, see Table A7. In correspondence of the windows, two cutouts
were created in the AMAGEL panel.

2.7. Furnace Anchoring System

The support of the furnace, as shown in Figure 8, is constituted of a heavy C-clamp
(ref. 21), fastened to the motorized sled of the tomograph translating along the z direction,
passively advected along directions x and y (see Figure 1). Two trilithon (ref. 24) elements,
screwed over the clamp, support a thick plate (ref. 24) from opposite sides. The furnace is
anchored to this plate by means of screws. All these components were made of carbon steel.
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3. Results

After a detailed description of the furnace geometry, components and materials, this
Section is devoted to a quantitative assessment of basic phenomena implied by the design
solutions. In particular, the attenuation of the X-ray beam was estimated experimentally
by radiographs on a solid droplet at room temperature; the steady state heat transfer
mechanisms were investigated by analytical and numerical approaches.

3.1. X-ray Interaction with the Furnace

As is well known, X-rays can interact with matter in different ways: the probability of
these interactions depend on both the incident radiation and the material. As a net effect,
the photons are attenuated when passing through a material layer. Assuming that the
incident X-ray beam is monochromatic and that the material has a uniform density and
atomic number, the attenuation can be described by an exponential relationship known as
the Beer-Lambert law [22]:

I(x) = I0e−µx (1)

where symbols have the following meaning: I(x) and I0 denote the transmitted and incident
intensities, respectively; x indicates the material thickness; µ(x,E) the linear attenuation
coefficient [cm−1], which depends on both the energy E [keV] of the incident X-ray photon
and the atomic number Z of the material.

To preliminarily assess the attenuation of the sample in the furnace, a irregularly
hemispherical Ag solid droplet (with diameter 5.2 mm) was placed on a 1 mm thick
disc of sapphire and subjected to X-ray irradiation under air, in the specific NSI cabinet.
Radiographs of the sample were acquired, with and without the quartz tube. As attempt
values, the tube voltage and current were tuned to 90 kV and 77 µA, respectively. The tube-
to-detector and the tube-to-sample distances were set to 682 mm and 87 mm, respectively,
giving rise to a 10 µm estimated voxel size. Moreover, a 0.3 mm copper filter was used.

These radiographs, synoptically shown in Figure 9, revealed a satisfactory contrast
between the metal droplet and the ceramic substrate, whilst the transmission I/I0 eval-
uated along a vertical section confirmed that the quartz glass does not affect the results
significantly. Moreover, by increasing the tube voltage to 115 kV, higher values of the
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transmission were found, indicating that the image quality provided by the present setup
can be further improved.
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Figure 9. X-ray radiographs, acquired with the same beam parameters, in the left column, and relevant transmission I/I0

evaluated along the vertical section marked by the dashed line and run by the coordinate ξ, in the right column. Content
per row: (a) from above to below, flat-field I0, 2 mm quartz and 4 mm quartz attenuated image; (b) Ag solid droplet on a
sapphire substrate, positioned on a further support; (c) the same sample and angular projection, placed inside a 2 mm thick
quartz tube.

Table 1 reports the values of the linear attenuation coefficient for the materials involved,
at the (monochromatic) energy 50 keV, corresponding approximately to the mean value of
the polychromatic spectrum generated by the present system for the experiments outlined.
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Table 1. Some X-ray linear attenuation coefficients at 50 keV energy, from [25].

Material X-ray Linear Attenuation Coefficient µ [cm−1]

Fused quartz glass 0.684
Air (dry) 0.000254

Ar (Argon) 0.00109
Al2O3 (Alumina) 1.14

Ag (Silver) 92.1
Cu (Copper) 21.61

3.2. Minimum Heat Supply

We can estimate the minimum amount of heat that the ceramic circular crown (ref. 30)
must generate, to attain the steady state conditions in the furnace. All the phases and the
components are initially at room temperature, i.e., Tstart = 30 ◦C. Neglecting the energy
losses through the walls of the test chamber (see Figure 10), the following contributions
must be considered: (i) the heat Qheat needed to warm up the drop to its melting tempera-
ture TM plus the latent heat Qmelt to complete melting; (ii) the heat Qar needed to warm
the inert gas (argon) inside the furnace chamber up to TM; (iii) the heat Q06 heat to warm
the sample holder (ref. 06) to the temperature Ttarget, with Ttarget > TM. At the point (ii) we
assumed that, under steady conditions, in the test chamber the temperature of inert gas
equals that of the molten drop.
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(i) As a methodological reference we considered an aluminum droplet with a diameter
of about 6 mm, mass m = 0.5 g, melting temperature TM = 660 ◦C, latent heat of fusion
λM = 334 kJ/kg and specific heat c = 869.9 J/(kg ◦C). By the fundamental law of thermology
(see [26]), we obtain Qdrop = Qheat + Qmelt = 441 J.

(ii) The total volume filled with argon, say Var,tot [m3], includes not only the test
chamber, but also two small openings in the insulation layer (ref. 31) and the outer cavity
limited by the quartz tube (ref. C01). The volume of the cylindrical test chamber, with base
diameter φ31,in = 66 mm and height hwindow = 20 mm, plus the two windows amounts

to Var,ch =
(

π r2
31,in

)
·hwindow + hwindow13.5 × (20 + 30) = 8.1924·10−5 m3. The volume
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of the outer cavity, with height hquartz = 200 mm, the external and internal radii equal to
rext = 48 mm and rin = 46 mm respectively, amounts to Var,ext =

[
π·
(
r2

ext − r2
in
)]
·hquartz =

1.181·10−4 m3. Hence, the total volume of argon is equal to Var,tot = Var,ch + Var,ext =
2.00·10−4 m3. The mass of argon can be derived from the ideal gas equation as follows:

mar =
pVar,tot

Rspecific,arTstart
= 3.2123× 10−4 kg; (2)

where p = 101, 325 [Pa] is the atmospheric pressure, the initial gas temperature coincides
with the room temperature Tstart = 303.15 K, Rspecific,ar = 208.1 J/(kg·K) is the mass-
specific gas constant, equal to the ratio between the ideal gas constant R [J/(mol·K)] and
the gas molar mass M = 0.039948 [kg/mol], see also [27,28]. Being the specific heat capacity
at constant volume for argon cv,ar = 312.78 J/(kg·K) (see e.g., [27]), the heat needed to
warm its mass up to TM = 660 ◦C amounts to Qar = mar·cv,ar·(TM − Tstart) = 63.29 J.

Since the heating process of the inert gas occurs at constant volume, a pressure increase
must be sustained by the quartz tube. In fact, during the transition from Tstart = 30 ◦C
to TM = 660 ◦C, the pressure inside the chamber increases from pstart = 101, 325 Pa to
pend = pstart Tend/Tstart = 311, 897 Pa. We can utilize the Barlow formula to evaluate the
minimum tube thickness capable of sustaining such a pressure.

Knowing that the admissible tensile strength of the quartz glass equals σadm = 47 MPa,
one has

smin =
φpend
2σadm

= 0.3 mm; (3)

Therefore, a 2 mm thick quartz tube is by far suitable to the present purposes.
(iii) We calculate the heat needed to bring the sample holder (ref. 06, see Figures 7 and 10)

from room conditions at Tstart to Ttarget > TM. Such a temperature guarantees that, by
the conduction through the ceramic substrate, the melting temperature of the alloy TM
is reached at the substrate/drop interface. We assumed Ttarget = 1200 ◦C, equal to the
maximum operating temperature of HASTELLOY C22(r), see Table A4. Being known
the density and the specific heat capacity of this material, namely ρH. C22 = 8690 kg/m3

and cH. C22 = 414 J/(kg·◦C), the heat needed to warm its mass m06 = 0.28 kg amounts
to Q06 heat = m06·cH. C22·

(
Ttarget − Tstart

)
= 136, 535 J. This contribution is by far the

most significant among those considered in this preliminary assessment. In conclusion,
the minimal amount of heat Qtot that must be generated at net of any loss amounts to
Qtot = Qdrop + Qar + Q06 heat = 137, 039 J.

3.3. Thermal Resistance Network

We made recourse to the thermal resistance approach (see e.g., [26]) to assess the
temperature profiles under steady conditions inside the furnace. Due to the peculiar
geometry of the prototype (see Figure 11), we assumed a radial transfer mechanism of the
heat from the ceramic circular crown (ref. 30), to the coaxial components ref. 31, ref. C01 and
ref. 11 in the external layers, and to the sample holder (ref. 06) in the core of the furnace.

It is worth emphasizing that only the upper part of the ceramic circular crown includes
an electrical resistance, corresponding to the height L of the sample holder: we will make
reference to such a dimension for the next analytical developments. Moreover, the cavities
between the sample holder (ref. 06) and the heating element (ref. 30), between the heating
element and the insulation cylinder (ref. 31), and between the insulation cylinder and the
quartz tube (ref. C01), exhibit small thicknesses (<2 mm), which become even smaller due
to thermal expansions of the contiguous components. Therefore, gas argon in such cavities
can be considered as quiescent, and the heat is transferred through them by conduction and
radiation, acting in parallel. For the boundary condition over the outer face of the metal
shell (ref. 11), convection and radiation were instead considered in parallel. An insulation
composite panel of AMAGEL was jammed into the last cylindrical cavity between the
quartz tube and the metal shell, 8.5 mm thick.
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Moreover, we assumed that the heat from the sample holder (ref. 06), schematized
by a unique computing point with the value Ttarget, is transferred by conduction along the
vertical direction to the ceramic disc, which in turn is in contact with the alloy droplet. The
upper surface of the sample holder exchanges energy also in the form of radiation with the
insulation walls surrounding the test chamber (assumed at TM), and by free convection
with the inert gas filling it (uniformly at TM): all these contributions act in parallel.

Under the above simplifying assumptions, it is possible to draw a thermal resistance
network aiming to predict the response of the multilayered prototype, see Figure 12.
Through it we can estimate the temperatures profiles along the radius of the furnace,
and assess which part of the heat rate

.
Q, generated by the ceramic element, gets “lost”

(
.

Q =
∣∣∣ .
Qheat

∣∣∣+ ∣∣∣ .
Qlost

∣∣∣). The power of the heater W, the melting temperature of the droplet
TM and the temperature T∞ of the air in the outer environment must be prescribed.

Through the network of resistances, the steady state heat transfer problem is governed
by the following system of three equations with three unknowns:

.
Qlost =

T1 − T∞

Rtot,ins
;

.
Qheat =

TM − T1

Rtot,heat
;

.
Q =

.
Qlost −

.
Qheat; (4)

where:
.

Qlost > 0 since it flows toward the positive orientation of radial abscissa r, while
.

Qheat < 0; T1 denotes the temperature at the heating element; Rtot,insul is the resultant of
the thermal resistances along the path of heat rate flow

.
Qlost, and analogously Rtot,heat

for
.

Qheat.
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thermal resistance method for a generated power

.
Q = 60 W, and prescribed temperatures at the

ends (T∞ of the environmental air and droplet melting temperature TM). With respect to the heating
element at the temperature T1, scheme in (a) concerns the outer layers, that in (b) the inner ones. The
subscripts ar and air denote argon and air properties, respectively.

In Tables 2 and 3 symbol L = 31 mm denotes the height of the sample holder, co-
incident with that of the heating part of the ceramic crown: all the calculations were
referred to such a strip. The following values of the thermal conductivity k and of the
convection coefficient h were considered for the specific conditions: kar = 0.034 W/(m·◦C);
kproma = 0.077 W/(m·◦C); kquartz = 1.5 W/(m·◦C); kama = 0.019 W/(m·◦C);
kAISI = 19.5 W/(m·◦C); har = 8.5 W/

(
m2·◦C

)
; hair,in = 8.7 W/

(
m2·◦C

)
and

hair,out = 40 W/
(
m2·◦C

)
.

Table 2. Main thermal resistances corresponding to the coaxial material layers and to the gas filled
cavities outside the heating element. Only the contributions of conduction and convection heat
transfer were shown, specified by the subscripts cond and conv, respectively; ar and air denote argon
and air.

Thermal Resistances of the Outer Layers for Conduction/Convection

Rcond ar,1 =
ln(r2/r1)
2πL·kar

= 8.4696 ◦C/W

Rcond proma =
ln(r3/r2)

2πL·kproma
= 22.290 ◦C/W

Rcond ar,2 =
ln(r4/r3)
2πL·kar

= 6.4265 ◦C/W

Rcond quartz =
ln(r5/r4)

2πL·kquartz
= 0.1435 ◦C/W

Rcond AMA =
ln(r6/r5)
2πL·kAMA

= 42.420 ◦C/W

Rcond AISI =
ln(r7/r6)
2πL·kAISI

= 0.0089 ◦C/W

Rconv air,∞ = 1
2πLr7·hair,out

= 2.1215 ◦C/W
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Table 3. Thermal resistances for the elements internal to the heating cylinder. Only the contributions
of conduction and convection heat transfer were shown, specified by the subscripts cond and conv.
Convection resistance refers to the upper face of the sample holder.

Thermal Resistances of the Inner Layers for Conduction/Convection

Rcond ar,0 =
ln(r30/r06)

2πL·kar
= 11.161 ◦C/W

Rcond,sub.cer. = lcer
Acer·ksub cer

= 0.8842 ◦C/W

Rconv,sample = 1
A06·har

= 112.44 ◦C/W

In Table 2 the value of coefficient hair,out corresponds to a condition of forced con-
vection, with an air flow speed equal to 2 m/s (see Appendix B). Such an air flow can be
generated by utilizing, for instance, small fans, with a 120 mm duct and a minimum air
flux 200 cfm, blowing on the outer surface of the furnace.

In Table 3 kcer = 30 W/(m·◦C), φcer = 12 mm, and lcer = 3 mm denote in the order
the thermal conductivity, the diameter and the thickness of a ceramic disc of pure Alumina
(Al2O3), herein considered as a reference substrate.

When prescribing a power
.

Q = 60 W, we found
.

Qheat = −48 W ,
.

Qlost = +12 W
and T1 = 884 ◦C. The resulting radial temperature profile is shown in Figure 12: it
turns out to be compatible with the working temperatures of the selected materials. In
particular, the insulation layers made of PROMAFORM®, 13 mm thick, and of AMAGEL®,
8.5 mm thick, with their high thermal resistance were apt to reduce temperatures of a few
hundred degrees.

Of course, the above configuration was selected among alternative solutions. For
instance, without the AMAGEL® insulation panel, filling this cavity with air and consider-
ing in parallel convection (with coefficient hair,in) and radiation between the contiguous
surfaces, the temperature at the outer wall raised to 72 ◦C; the heat power removed by
forced convection over the considered strip amounted to 5 W. Instead, if exclusively natural
convection were considered over the outer shell (with the coefficient hair,in), 100 ◦C and
150 ◦C were attained when including AMAGEL® insulation layer or without it, respectively,
corresponding in the order to 7 W and 15 W of removed heat power.

Table 4 outlines values of thermal resistances corresponding to the radiative heat
transfer only, which were included in parallel in the thermal network with reference to gas
filled cavities and to the outer boundary, see Figure 12. Details on the equations utilized
for the radiative heat transfer were reported in the Appendix B, together with correlation
formulae for the free and the forced convection coefficient h.

Table 4. Thermal resistances corresponding to radiative heat transfer. Subscripts ar and air denote
the vertical cavities filled by argon or air, respectively; sample indicates the upper surface of the
sample holder.

Thermal Resistances for Radiative Heat Transfer

Rrad sample = 24.3 ◦C/W

Rrad ar,0 = 5.14 ◦C/W

Rrad ar,1 = 0.55 ◦C/W

Rrad ar,2 = 0.92 ◦C/W

Rrad air,∞ = 19.9 ◦C/W

3.4. Finite Element Analyses

To simulate the steady state condition of the furnace, finite element analyses were
performed under some simplifying assumptions in the Abaqus®/Standard platform uti-
lizing implicit integration schemes, see [29]. Due to limited capabilities for heat transfer
of the commercial code, these analyses included the conduction within the volume, the
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radiative exchange among inner surfaces forming enclosures or over the outer wall, whilst
the convection was limited to the outer boundary. Therefore, the argon gas filling the
test chamber and the other cavities was modelled as a further solid phase, with its own
conductivity. Two axisymmetric models were developed: (i) one considering the same
radial strip described by the network of thermal resistances; (ii) another one discretizing
the longitudinal radial section of the entire furnace, with a rather accurate geometry.

(i) Radial strip. The axisymmetric region with height L = 31 mm, extending from the
core of the furnace to the outer wall (see Figures 11 and 12), was discretizated by means
of about 2500 four node elements, referred to as DCAX4 in the Abaqus® element library.
The heat power generated by the ceramic circular crown was set equal to that utilized
for the network exercise, i.e.,

.
Q = 60W, although expressed as a bulk thermal load. The

melting temperature of the droplet TM = 660 ◦C was prescribed over the walls of the test
chamber. Moreover, to enforce a radial heat transfer process, the coaxial layers within
the strip were enclosed by adiabatic walls above and below (with

.
Q = 0). As shown in

Figure 13, this model provided a radial temperature profile in agreement with the network
of thermal resistances.
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same radial strip utilized for the resistance network. Adiabatic conditions were considered at the top
and at the bottom for the coaxial layers, whilst the drop melting temperature was prescribed over the
test chamber walls. Three dimensional rendering was applied.

(ii) Longitudinal radial section of the furnace. A rather accurate geometry of the fur-
nace was discretized by means of 17,500 triangular finite elements, referred to as DCAX3 in
the Abaqus® element library. To attain the molten temperature of the droplet, we increased
significantly the heat power of the ceramic element; this circumstance is not surprising,
since herein the heat can be transferred also along the vertical direction. The thermal
parameters governing conduction, radiation and convection over the outer boundary were
not modified with respect to the network of resistance.

As shown in Figure 14a, this second model revealed an important gradient of tem-
peratures along the height of the furnace: it indicated that temperatures remain low over
the outer wall, in agreement with the prediction of the approximated network, and that
an effective insulation was operated by the thick roof of the test chamber. Over the lower
header, instead, close to the feedthrough, this model predicted a local spike of temperatures
approaching 130 ◦C, see Figure 14b. This circumstance, if confirmed, would suggest us to
insert an additional insulation layer between the base header and the anchorage system. It
is worth recalling that we could not include in the above finite element analyses computa-
tional fluid dynamics (CFD) simulations of the convective heat transfer inside the gas filled
cavities, and that the conduction process is less effective in removing and transferring heat
with respect to convection. From this point of view, the present results could be affected by
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a spurious amplification of the temperature gradients, which ultimately require an accurate
validation step.
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4. Discussion

Several equipment for high temperature in situ testing under X-ray microtomography
have been designed for use in a synchrotron beamline: a part of them were also capable
of applying mechanical loading on “hot” samples. However, to our knowledge, none of
such devices was explicitly conceived for carrying out in situ sessile droplet tests, namely,
for wettability experiments at high temperatures and under inert atmosphere on a molten
droplet/solid substrate pair. To assemble a furnace prototype suitable for the purpose,
the authors faced courageously several problems with a novel design, optimizing each
component and material. The present study opens perspectives of special interest to the
researchers who have at disposal only commercial X-ray systems with low power tubes,
exhibiting severe constraints on the geometry and the weight of the samples, and with the
need to install/remove easily the auxiliary equipment without modifying or damaging the
preexisting setup.

The basic design choice, that affected the entire project, concerned which parts of the
furnace should rotate, and which ones instead should stand still during the acquisition
of the angular projections. The solution adopted allows the sample holder alone to rotate
fastened to the rotary stage of the tomograph by means of a transmission system, playing
at the same time an insulation and a sealing role. The remaining degrees of freedom of
the sample holder are in common with those of the furnace, which is stably anchored to
the translatory stage of the tomograph. This choice enables the user to position accurately
the entire furnace, and to align the sample with the X-ray beam, properly tuning the
magnification. In particular, the heating element of the furnace remains still during the
acquisition step. Its cables and wires, suitably coated for the high temperatures, do not
twist; they pass through small holes in the lower header and are connected to the PID
controller and to the power supply.

For the wettability experiments at high temperatures, an inert atmosphere or a high
vacuum is required, to prevent the molten alloy droplet from the oxidation: the air can
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be admitted exceptionally when testing pure silver or gold. Due to the presence of the
quartz tube sealed by O-rings, and of the furnace headers including pipes for inlet and
outlet gas flow, the test chamber can be filled with an inert gas such as argon. A slight
overpressure must be guaranteed, to avoid contamination of the inner atmosphere with
oxygen atoms. At the same time, high purity fused quartz glass exhibits a low X-ray
attenuation, as confirmed by preliminary transmission tests carried out on solid droplets at
room temperature.

In the presence of uncertain values for several material properties over a wide temper-
ature range, the analytical calculations and the finite element simulations of heat transfer
outlined above represented a compromise between accuracy and simplicity, and consti-
tuted a valid support for design. Although the considered approaches, resting on diverse
simplifying assumptions, exhibited serious limitations, a satisfactory overall agreement of
the results was met: the steady state temperatures turned out to be compatible with the
selected materials, and the insulation layers played an important role despite the present
constraints on the geometry and on the X-ray attenuation. The thermal resistance network
indicated the need of cooling the outer wall of the furnace by forced convection: to this
purpose small fans can be used, positioned inside the cabinet. The finite element analyses
of the furnace confirmed the effectiveness of the insulation at the outer wall and over the
roof. Instead, it revealed a spike of temperatures closely to the feedthrough at the base
header, which might require a further insulation layer. Now that we successfully assembled
the furnace prototype, see Figure 15, we can confirm through experimental measurements
the accuracy of the above thermal predictions. In particular, we intend to correlate through
a robust nonlinear regression the measurement of the thermocouple in the ceramic heater,
providing the feedback signal for the PID controller, with the temperatures at the sam-
ple location, utilizing at rest high temperature thermometers and eutectic crucibles, see
e.g., [30].
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As an alternative to fans, a water cooling system can be utilized; however, also in this
case the diverse components (pump/reservoir, hoses, radiator) must be carefully selected
to fulfill the geometry constraints and to permit an optimal configuration. The ducts for
the coolant circulation could be realized within the outer cylindrical shell of the furnace. It
is worth noting that the cabinet is equipped with a compact lead door opening with hinges,



J. Imaging 2021, 7, 240 20 of 26

located behind the X-ray tube for maintenance and inspection and fastened by screws
during the normal activities. The authors designed another door, satisfying all the radiation
protection requirements, with an identical geometry except the presence of a wide shielded
passage for the cables/wires, which follows a not straight path (with sharp bends). At the
same time, such a passage can guarantee some air exchange with the outer room and hence
a light air conditioning. Especially for the in situ experiments, in fact, possibly lasting
several hours, the thermal drift of the focal spot has to be prevented; it has been identified
as one of the major causes of the positional instability of the angular projections.

The testing step for the novel furnace is expected to be complex, well beyond the
thermal behavior, and will require a long effort. For instance, stability of the molten droplet
during the rotation must be ensured, since even small oscillations can generate artifacts in
the tomographic reconstruction; roller bearing rotary stage may be not sufficient to prevent
vibrations and wobbling, and an air bearing equipment might be necessary. Image quality
must be carefully optimized, at varying the brazing alloy/substrate pair, the magnification
and the beam parameters, ensuring that the droplet profile is correctly retrieved. To this
purpose, common edge detectors for digital image processing can be utilized [31]. Finally,
wettability measurements provided by the present approach, in terms of contact angle
and surface tension, must be critically validated against literature data. Clearly, once
completed the entire validation step for the selected reference materials at 660 ◦C, our aim
is to perform wettability tests on a wide range of alloy/substrate pairs at both lower and
higher temperatures.

At lower temperatures, the soldering joints, used for the electronic circuits, are of
extreme interest for the industry. Due to the inherent toxicity of Pb, the environmental
regulations worldwide prompted the replacement of all the Lead-Containing solder alloys,
in particular the Sn-Pb alloy, with suitable Lead-Free Solders, such as for instance SnCu
(Tsol = 224.6 ◦C, TM = 227 ◦C) or SnBi (Tsol = 134.7 ◦C, TM = 138 ◦C), being Tsol the charac-
teristic temperature of solidification and TM the melting temperature, see e.g., [32]. These
alloys are valid candidates to replace Pb-containing solders, since their solidus tempera-
tures are high enough to maintain joint reliability during thermomechanical fatigue.

At higher temperatures, the “reactive wetting” deserves further investigation; this
phenomenon occurs when the substrate reacts with the molten alloy droplet, giving rise to
new compounds. For instance, it is the case of the alloy CuAg–3.8at%TiSi on a SiC substrate,
at 880 ◦C [33]. In that scenario X-ray microtomography can allow one to reconstruct the
possibly curved interface between the droplet and the substrate, and to assess the actual
penetration of the braze into the ceramic substrate. Since one of the factors limiting the
furnace heating was indeed the insulation, in the case of higher temperatures the recourse
to a water cooling system might be preferable.

It is worth considering that, once the furnace has cooled down, a solidified droplet
joined to the substrate becomes available. Non conventional mechanical experiments,
referred to as push off tests (see e.g., [34]), can be carried out also on such a system,
to assess the average shear strength of the joint and its fracture energy, for instance by
means of full field kinematic data and inverse analyses [35–37]. X-ray imaging can still be
utilized to monitor the experiment at room temperature, if an in situ loading apparatus
is available. This further investigation on a solid assembly, carried out after the sessile
drop test, would permit to correlate for the same sample thermodynamic quantities at high
temperatures, widely utilized in materials science, with other quantities more typical of
mechanical engineering.

The rapid growth of in situ tests monitored by X-ray tomography, documented also by
this study, is due to the convergence of several favorable factors, such as the rising industrial
demand for high performing materials, the enhanced capabilities for the microstructure
control and, not last, the availability on the market of less expensive X-ray systems. Such
in situ methodologies are favoring the research and the innovation concerning advanced
materials but also the progress of the X-ray technology itself. The short-term objective is to
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realize synergies among experimental, theoretical and computational approaches for the
material characterization and design.
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Appendix A. List of Main Furnace Components

Table A1. List of the main components of the furnace prototype, divided into three groups: the
furnace, the upper header and the base structure. A reference code allows the reader to identify each
component when indicated within the text or in the figures.

Reference
Code Material Component Description

04 AISI 304 Furnace lower header.
06 HASTELLOY Sample holder.
08 ORVICAL·1500 Mushroom-shaped insulating rotary axis.
09 ORVICAL·1500 Insulating pad.
11 AISI 304 Outer cylindrical shell.
19 AISI 304 Pillars.
30 42TE Heating cylindrical element.
31 PROMAFORM Insulation cylinder.
32 PROMAFORM Insulation roof of the testing chamber.

C01 QUARTZ GLASS Quartz glass tube.
C06 STAINLESS STEEL Rotary Motion Feedthrough.
C07 FPA Sealing O-rings.
C10 AISI 304 Pipe connections for inert gas.
03 AISI 304 Furnace upper header.
13 AISI 304 Finned lid plate.

20 AISI 304 Connection between the feedthrough shaft
and the rotary stage.

21 CARBON STEEL C-shaped clamp.
24 CARBON STEEL Trilithon structure for the furnace base.

Appendix B. Equations for Radiative and Convective Heat Transfer and
Relevant Parameters

The contribution of radiative heat transfer (see e.g., [26,38]) can be included in the
network of thermal resistances analogously to what is carried out for conduction and
convection, although relevant resistance explicitly depends on the unknown temperatures.

The upper surface of the sample holder (ref. 06), assumed opaque, gray and diffuse,
exchanges energy in the form of radiation with the insulation walls of the test chamber,
which completely surround it and exceed by far its area. The net rate of radiation for the
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sample holder upper face and its thermal resistance are then provided by the following
formulae (see [26]):

.
Qrad = ε06σA06

(
T4

06 − T4
surr

)
; Rrad =

{
ε06σA06

(
T2

06 + T2
surr

)
(T06 + Tsurr)

}−1
(A1)

being σ = 5.6704 × 10−8 [Wm−2 K−4] the Stefan-Boltzmann constant, ε06 and A06 the
emissivity and the area of the face.

For the radiative heat exchange between the opaque, gray and diffuse isothermal
vertical cylindrical surfaces of two contiguous layers inside the furnace, say 1 and 2, we
utilized the formula (see e.g., [38])

.
Q1→2 =

σ
(
T4

1 − T4
2
)

1−ε1
ε1 A1

+ 1
A1F1→2

+ 1−ε2
ε2 A2

; Rrad =

{(
T2

06 + T2
surr
)
(T06 + Tsurr)

1−ε1
ε1 A1

+ 1
A1F1→2

+ 1−ε2
ε2 A2

}−1

(A2)

where: symbol F1→2 indicates the view factor (or configuration factor) from surface 1 to
surface 2, i.e., the percentage of radiative energy leaving 1 and impinging on 2; ε1 and A1
denote emissivity and area of surface 1, and analogously for surface 2. It is worth noting
that the above equation is strictly valid only when the two surfaces above constitute an
enclosure, as it occurs when the coaxial cylinders are infinitely long. Its application to
the present context represents a simplifying approximation, since we are neglecting the
circular crowns at the top and at the bottom of the small reference subvolumes, and the
relevant interactions. When the coaxial cylinders possess a finite length L, say r1 and r2 the
inner (convex) and the outer (concave) surface radii, respectively, one has: 0 ≤ F2→1 < 1:
value of F2→1 can be parametrized with respect to the ratios L/r2 and r1/r2.. Moreover, the
following relationships among view factors hold: A1F1→2 = A2F2→1 (reciprocity, between
any two surfaces); ∑

j
Fi→j = 1 (summation of view factors extended to all surfaces j forming

an enclosure). For the inner convex surface we have F1→1 = 0 (no self-radiation), whilst for
the concave one, F2→2 > 0.

In the heat transfer calculations developed above, we assumed the following values
of emissivity: HASTELLOY, ε = 0.2; 42TE ceramics, ε = 0.9; PROMAFORM ε = 0.9; quartz
ε = 0.55; AISI 304, ε = 0.6. For further details, the reader is forwarded to [38–41]. By setting
equal all the emissivities to a unit value, as the surfaces were ideal black bodies unable of
reflecting any radiation, by the network of resistance one would obtain a temperature at
the heater lower of about one hundred degrees, whilst the outer wall temperature would
remain unchanged. This circumstance is not too surprising, since emissivity selected
for the HASTELLOY sample holder was rather low. For the ideal scenario with εi → 1 ,
Equation (A2) returns a correct value.

For the estimation of the natural convection coefficient h at a vertical surface, the
following correlation equation was utilized (see e.g., [26])

Nu =
hL
k

=

0.825 +
0.387 Ra1/6[

1 + (0.492/Pr)9/16
]8/27


2

(A3)

where L denote a characteristic length parameter, k the thermal conductivity of the fluid,
symbols Nu, Ra, Pr indicate the nondimensional Nusselt, Rayleigh and Prandtl numbers (in
the jargon referred to as groups), respectively. Rayleigh number is usually expressed as the
product Ra = (Pr Gr), being Gr the Grashof number. Grashof and Prandtl nondimensional
groups for a fluid are defined as follows

Gr =
gρ2L3β(Ts − T∞)

µ2 ; Pr =
µcP

k
; (A4)
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being g the gravity acceleration, ρ and β the fluid density and its thermal expansion
coefficient, Ts and T∞ the surface and the environmental temperature, µ the dynamic
viscosity, cP the fluid specific heat capacity at constant pressure.

In conditions of forced convection over an isothermal flat plate, with an air flow
having velocity V∞, recourse is made to the following correlation formula providing the
average Nusselt number

Nu =
hL
k

= 0.664 Re0.5Pr0.33 (A5)

being the Reynolds number defined as

Re =
ρ V∞L

µ
(A6)

Appendix C. Tables of Material Properties

Table A2. Mechanical and thermal properties of Quartz Glass provided by Squall International bv
(NL), see http://squallquartz.com/ (Accessed Date: 9 November 2021).

PROPERTIES Quartz Glass

Density 2200 kg/m3

Compressive strength 1150 MPa
Tensile strength 50 MPa

Modulus of elasticity 7000 MPa
Poisson ratio 0.17

Max Operating Temperature 1100 ◦C
Peak Temperature 1300 ◦C

Thermal Expansion coeff. 5.1·10−7 K−1

Thermal Conductivity 1.46 W/(m·◦C)

Table A3. Mechanical and thermal properties of AISI 304. See https://www.makeitfrom.com/
material-properties/AISI-304-S30400-Stainless-Steel (Accessed Date: 9 November 2021).

PROPERTIES AISI 304

Density 7930 kg/m3

Tensile strength 515 MPa

Thermal Expansion coeff.at

100 ◦C 1.68·10−5 K−1

400 ◦C 1.78·10−5 K−1

600 ◦C 1.88·10−5 K−1

800 ◦C 2.02·10−5 K−1

Thermal Conductivity at

20 ◦C 15.00 W/(m·◦C)
100 ◦C 16.30 W/(m·◦C)
200 ◦C 17.50 W/(m·◦C)
400 ◦C 19.90 W/(m·◦C)
500 ◦C 21.50 W/(m·◦C)
600 ◦C 22.50 W/(m·◦C)
800 ◦C 25.10 W/(m·◦C)

http://squallquartz.com/
https://www.makeitfrom.com/material-properties/AISI-304-S30400-Stainless-Steel
https://www.makeitfrom.com/material-properties/AISI-304-S30400-Stainless-Steel
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Table A4. Mechanical and thermal properties of HASTELLOY C22(r). See https://fondinox.it/
materiale/hastelloy-c276/ (Accessed Date: 9 November 2021).

PROPERTIES HASTELLOY C22®

Density 8690 kg/m3

Tensile strength 690 MPa
Elastic Modulus 206 GPa

Melting Temperature 1399 ◦C
Specific Heat Capacity 414 J/(m·◦C)

Thermal Expansion coeff. 15.5 µm/(m·◦C)

Thermal Conductivity at

100 ◦C 11.10 W/(m·◦C)
200 ◦C 13.40 W/(m·◦C)
300 ◦C 15.50 W/(m·◦C)
400 ◦C 17.50 W/(m·◦C)
500 ◦C 19.50 W/(m·◦C)
600 ◦C 21.30 W/(m·◦C)

Table A5. Mechanical and thermal properties of the three insulating materials, candidates for components (ref. 08) and (ref.
09). See https://www.corning.com/worldwide/en/products/advanced-optics/product-materials/specialty-glass-and-
glass-ceramics/glass-ceramics/macor.html (Accessed Date: 9 November 2021); http://www.goodfellow.com/I/Duratec-75
0-Ceramica-Lavorabile-Barra.html (Accessed Date: 9 November 2021); https://www.orvim.it/eng/composite-materials/
(Accessed Date: 9 November 2021).

PROPERTIES MACOR 750® DURATEC 750® ORVICAL 1500

Density 2520 kg/m3 1400 kg/m3 1050 kg/m3

Compressive strength 345 MPa 55 MPa 22 MPa
Flexural strength − 23 MPa 11 MPa

Thermal Expansion coeff. (at Tcl) 1.26·10−5 ◦C−1 6.60·10−6 ◦C−1 0.1÷ 0.65%
Peak Temperature

(
Tp
)

1000 ◦C − 1600 ◦C
Classification temperature (Tcl) 800 ◦C 1000 ◦C 1500 ◦C

Thermal Conductivity at
400 ◦C 1.46 W/(m·◦C) 0.49 W/(m·◦C) 0.25 W/(m·◦C)
600 ◦C 1.46 W/(m·◦C) 0.49 W/(m·◦C) 0.27 W/(m·◦C)
800 ◦C 1.46 W/(m·◦C) 0.49 W/(m·◦C) 0.29 W/(m·◦C)

Table A6. Mechanical and thermal properties of PROMAFORM(r) ECO 1250, see https://www.
promat-hpi.com/it-it/products/promaform-1600 (Accessed Date: 9 November 2021).

PROPERTIES PROMAFORM® ECO 1250

Density 320 kg/m3

Compressive strength 0.25 MPa
Classification temperature (Tcl) 1250 ◦C

Thermal Conductivity at

200 ◦C 0.06 W/(m·◦C)
400 ◦C 0.08 W/(m·◦C)
600 ◦C 0.11 W/(m·◦C)
800 ◦C 0.12 W/(m·◦C)

1000 ◦C 0.16 W/(m·◦C)

https://fondinox.it/materiale/hastelloy-c276/
https://fondinox.it/materiale/hastelloy-c276/
https://www.corning.com/worldwide/en/products/advanced-optics/product-materials/specialty-glass-and-glass-ceramics/glass-ceramics/macor.html
https://www.corning.com/worldwide/en/products/advanced-optics/product-materials/specialty-glass-and-glass-ceramics/glass-ceramics/macor.html
http://www.goodfellow.com/I/Duratec-750-Ceramica-Lavorabile-Barra.html
http://www.goodfellow.com/I/Duratec-750-Ceramica-Lavorabile-Barra.html
https://www.orvim.it/eng/composite-materials/
https://www.promat-hpi.com/it-it/products/promaform-1600
https://www.promat-hpi.com/it-it/products/promaform-1600
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Table A7. Properties of AMAGEL(r) A2 650, see https://amagel.it (Accessed Date:
9 November 2021).

PROPERTIES AMAGEL® A2 650

Density 200 kg/m3

Working temperature −50/ + 650 ◦C

Thermal Conductivity at

0 ◦C 0.015 W/(m·◦C)
100 ◦C 0.020 W/(m·◦C)
350 ◦C 0.025 W/(m·◦C)
460 ◦C 0.030 W/(m·◦C)
650 ◦C 0.035 W/(m·◦C)

References
1. Martz, H.E.; Logan, C.M.; Schneberk, D.J.; Shull, P.J. X-ray Imaging: Fundamentals, Industrial Techniques and Applications, 1st ed.;

CRC Press: Boca Raton, FL, USA, 2016. [CrossRef]
2. Maire, E.; Withers, P.J. Quantitative X-ray tomography. Int. Mater. Rev. 2014, 59, 1–43. [CrossRef]
3. Fedele, R.; Ciani, A.; Galantucci, L.; Bettuzzi, M.; Andena, L. A Regularized, Pyramidal Multi-grid Approach to Global 3D-Volume

Digital Image Correlation Based on X-ray Micro-tomography. Fundam. Inf. 2013, 125, 361–376. [CrossRef]
4. Fedele, R.; Ciani, A.; Fiori, F. X-ray Microtomography Under Loading and 3D-Volume Digital Image Correlation. A Review.

Fundam. Inf. 2014, 135, 171–197. [CrossRef]
5. Hameed, F.; Fedele, R.; Mancini, L. Analysis of a SiCf/SiC sample under in situ loading by synchrotron X-ray radiation. AIP Conf.

Proceed. 2021, 2343, 080011. [CrossRef]
6. Patterson, B.M.; Cordes, N.L.; Henderson, K.; Williams, J.J. In situ X-ray synchrotron tomographic imaging during the compression

of hyper-elastic polymeric materials. J. Mater. Sci. 2016, 51, 171–187. [CrossRef]
7. Zambrano, M.; Hameed, F.; Anders, K.; Mancini, L.; Tondi, E. Implementation of dynamic neutron radiography and integrated

X-ray and neutron tomography in porous carbonate reservoir rocks. Front. Earth Sci. 2019, 7, 329. [CrossRef]
8. Tötzke, C.; Kardjilov, N.; Manke, I.; Oswald, S.E. Capturing 3D water flow in rooted soil by ultra-fast neutron tomography. Sci.

Rep. 2017, 7, 6192. [CrossRef] [PubMed]
9. Tosti, S.; Moriani, A.; Santucci, A. Design and manufacture of an oven for high temperature experiments of erosion-corrosion of

SiCf/SiC into LiPb. Fusion Eng. Des. 2013, 88, 2479–2483. [CrossRef]
10. Lee, C.C.; Wang, D.T.; Choi, W.S. Design and construction of a compact vacuum furnace for scientific research. Rev. Sci. Instrum.

2006, 77, 125104. [CrossRef]
11. Bellet, D.; Gorges, B.; Dallery, A.; Bernard, P.; Pereiro, E.; Baruchel, J. A 1300 K furnace for in situ X-ray microtomography. J. Appl.

Crystallogr. 2003, 36, 366–367. [CrossRef]
12. Grupp, R.; Henkel, F.; Nöthe, M.; Banhart, J.; Kieback, B.; Haibel, A. A 1800 K furnace designed for in situ synchrotron

microtomography. J. Synchrotron Radiat. 2009, 16, 524–527. [CrossRef] [PubMed]
13. Bale, H.A.; Haboub, A.; Macdowell, A.A.; Nasiatka, J.R.; Parkinson, D.Y.; Cox, B.N.; Marshall, D.B.; Ritchie, R.O. Real-time

quantitative imaging of failure events in materials under load at temperatures above 1600 ◦C. Nat. Mater. 2013, 12, 40–46.
[CrossRef] [PubMed]

14. Haboub, A.; Bale, H.A.; Nasiatka, J.R.; Cox, B.N.; Marshall, D.B.; Ritchie, R.O.; Macdowell, A.A. Tensile testing of materials at
high temperatures above 1700 ◦C with in situ synchrotron X-ray micro-tomography. Rev. Sci. Instrum. 2014, 85, 083702. [CrossRef]
[PubMed]

15. Santini, M.; Guilizzoni, M.; Fest-Santini, S. X-ray computed microtomography for drop shape analysis and contact angle
measurement. J. Colloid Interface Sci. 2013, 409, 204–210. [CrossRef]

16. Eustathopoulos, N.; Sobczak, N.; Passerone, A.; Nogi, K. Measurement of contact angle and work of adhesion at high temperature.
J. Mater. Sci. 2005, 40, 2271–2280. [CrossRef]

17. Muolo, M.L.; Valenza, F.; Sobczak, N.; Passerone, A. Overview on Wetting and Joining in Transition Metals Diborides. Adv. Sci.
Technol. 2010, 6, 98–107.

18. Valenza, F.; Artini, C.; Passerone, A.; Muolo, M.L. ZrB 2-SiC/Ti6Al4V joints: Wettability studies using Ag- and Cu-based braze
alloys. J. Mater. Sci. 2012, 47, 8439–8449. [CrossRef]

19. Nowak, R.; Bruzda, G.; Polkowski, W. High temperature interaction between molten Ni50Al50 alloy and ZrB2 ultra-high
temperature ceramics. Mater. Lett. 2021, 290, 129447. [CrossRef]

20. Ricci, E.; Giuranno, D.; Sobczak, N. Further development of testing procedures for high temperature surface tension measurements.
J. Mater. Eng. Perform. 2013, 22, 3381–3388. [CrossRef]

21. Deresch, A.; Bellon, C.; Jaenisch, G.R. A general spectrum model for X-ray generators. NDT E Int. 2016, 79, 92–97. [CrossRef]
22. Kak, A.; Slaney, M. Principles of Computerized Tomographic Imaging; Society of Industrial and Applied Mathematics: Philadelphia,

PA, USA, 2001.

https://amagel.it
http://doi.org/10.1201/9781315375199
http://doi.org/10.1179/1743280413Y.0000000023
http://doi.org/10.3233/FI-2013-869
http://doi.org/10.3233/FI-2014-1117
http://doi.org/10.1063/5.0047746
http://doi.org/10.1007/s10853-015-9355-8
http://doi.org/10.3389/feart.2019.00329
http://doi.org/10.1038/s41598-017-06046-w
http://www.ncbi.nlm.nih.gov/pubmed/28733616
http://doi.org/10.1016/j.fusengdes.2013.05.017
http://doi.org/10.1063/1.2402910
http://doi.org/10.1107/S0021889803001158
http://doi.org/10.1107/S0909049509020937
http://www.ncbi.nlm.nih.gov/pubmed/19535867
http://doi.org/10.1038/nmat3497
http://www.ncbi.nlm.nih.gov/pubmed/23223124
http://doi.org/10.1063/1.4892437
http://www.ncbi.nlm.nih.gov/pubmed/25173271
http://doi.org/10.1016/j.jcis.2013.06.036
http://doi.org/10.1007/s10853-005-1945-4
http://doi.org/10.1007/s10853-012-6790-7
http://doi.org/10.1016/j.matlet.2021.129447
http://doi.org/10.1007/s11665-013-0624-x
http://doi.org/10.1016/j.ndteint.2015.12.007


J. Imaging 2021, 7, 240 26 of 26

23. Battes, K.; Day, C.; Hauer, V. Systematic study of the outgassing behavior of different ceramic materials. J. Vac. Sci. Technol. B
2021, 39, 034202. [CrossRef]

24. Koebley, S.R.; Outlaw, R.A.; Dellwo, R.R. Degassing a vacuum system with in-situ UV radiation. J. Vac. Sci. Technol. A 2021,
30, 060601. [CrossRef]

25. NIST X-ray Atten. Scatt. Tables. Available online: https://physics.nist.gov/PhysRefData/FFast/html/form.html (accessed on
20 September 2021).

26. Çengel, Y.A. Heat and Mass Transfer: A Practical Approach, 2nd ed.; McGraw-Hill: New York, NY, USA, 2002.
27. Younglove, B.A.; Hanley, H.J.M. The Viscosity and Thermal Conductivity Coefficients of Gaseous and Liquid Argon. J. Phys.

Chem. Ref. Data 1986, 15, 1323–1337. [CrossRef]
28. Lemmon, E.W.; Jacobsen, R.T. Viscosity and Thermal Conductivity Equations for Nitrogen, Oxygen, Argon, and Air. Int. J.

Thermophys. 2004, 25, 21–69. [CrossRef]
29. ABAQUS/Standard User’s Manual, Version 6.14; Simulia Corp. Dassault Systèmes®: Providence, RI, USA, 2021.
30. Žužek, V.; Bojkovski, J. Miniature iron-carbon eutectic point crucible for the calibration of thermometers. Measurement 2021, 181,

109619. [CrossRef]
31. Gonzalez, R.C.; Woods, R.E. Digital Image Processing, 4th ed.; Pearson International: New York, NY, USA, 2018.
32. Morando, C.; Fornaro, O.; Garbellini, O.; Palacio, H. Thermal properties of Sn-based solder alloys. J. Mater. Sci. Mater. Electron.

2014, 25, 3440–3447. [CrossRef]
33. Eustathopoulos, N. Progress in understanding and modeling reactive wetting of metals on ceramics. Curr. Opin. Solid State Mater.

Sci. 2005, 9, 152–160. [CrossRef]
34. Sobczak, N.; Sobczak, J.; Nowak, R.; Kudyba, A.; Darlak, P.; Mikulowski, B.; Wojciechowski, A. Application of push-off shear test

for evaluation of wetting-interface structure-bonding relationship of solder joints. J. Mater. Sci. 2005, 240, 2547–2551. [CrossRef]
35. Fedele, R.; Galantucci, L.; Ciani, A.; Casalegno, V.; Ventrella, A.; Ferraris, M. Characterization of innovative CFC/Cu joints by

full-field measurements and finite elements. Mater. Sci. Eng. A 2014, 595C, 306–317. [CrossRef]
36. Fedele, R. Simultaneous Assessment of Mechanical Properties and Boundary Conditions Based on Digital Image Correlation.

Exp. Mech. 2015, 55, 139–153. [CrossRef]
37. Mendoza, A.; Neggers, J.; Hild, F.; Roux, S. Complete mechanical regularization applied to digital image and volume correlation.

Comp. Methods Appl. Mech. Engn. 2019, 355, 27–43. [CrossRef]
38. Siegel, R.; Howell, J.R. Thermal Radiation Heat Transfer, 3rd ed.; R. Hemisphere Publishing Corporation: San Francisco, CA,

USA, 1992.
39. Petrov, V.A.; Reznik, V.Y. Measurement of the emissivity of quartz glass. High Temp. High Press. 1972, 4, 687–693.
40. Gordon, A.J.; Walton, K.L.; Ghosh, T.K.; Loyalka, S.K.; Viswanath, D.S.; Tompson, R.V. Hemispherical total emissivity of Hastelloy

N with different surface conditions. J. Nucl. Mater. 2012, 426, 85–95. [CrossRef]
41. Jones, J.M.; Mason, P.E.; Williams, A. A compilation of data on the radiant emissivity of some materials at high temperatures.

J. Energy Inst. 2019, 92, 523–534. [CrossRef]

http://doi.org/10.1116/6.0000954
http://doi.org/10.1116/1.4754292
https://physics.nist.gov/PhysRefData/FFast/html/form.html
http://doi.org/10.1063/1.555765
http://doi.org/10.1023/B:IJOT.0000022327.04529.f3
http://doi.org/10.1016/j.measurement.2021.109619
http://doi.org/10.1007/s10854-014-2036-6
http://doi.org/10.1016/j.cossms.2006.04.004
http://doi.org/10.1007/s10853-005-1990-z
http://doi.org/10.1016/j.msea.2013.12.015
http://doi.org/10.1007/s11340-014-9931-x
http://doi.org/10.1016/j.cma.2019.06.005
http://doi.org/10.1016/j.jnucmat.2012.03.026
http://doi.org/10.1016/j.joei.2018.04.006

	Introduction 
	Materials and Methods 
	Quartz Glass Tube 
	Furnace Headers 
	Sample Holder 
	Rotation Transmission System 
	Heating Element 
	Thermal Insulation 
	Furnace Anchoring System 

	Results 
	X-ray Interaction with the Furnace 
	Minimum Heat Supply 
	Thermal Resistance Network 
	Finite Element Analyses 

	Discussion 
	List of Main Furnace Components 
	Equations for Radiative and Convective Heat Transfer and Relevant Parameters 
	Tables of Material Properties 
	References

