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ARTICLE INFO ABSTRACT

Keywords: Glass-to-metal interfaces play a crucial role in the robustness and the mechanical integrity of solid oxide cells,
Joining and it is well known that a sound interface improves the mechanical reliability of the whole stack. The present
Torsion

work focuses on the torsional behaviour of hourglass-shaped Crofer 22 APU stainless steel joined by a glass
sealant specifically designed for this application.

Specific focus was given to the Crofer surface modification by laser processing, namely, the laser fluence was
varied to find suitable roughness parameters; a laser fluence of 14.1 J cm2, leading to a Crofer surface roughness
of about 4.6 pm, was selected as the optimal Crofer surface processing before the joining process.

The torsional shear strength of glass-joined as-received Crofer was measured as 24 + 7 MPa with mainly
adhesive fracture mode, with failure jumping from one interface to the other, while the laser-processed Crofer
gave 32 £+ 5 MPa with cohesive failure. The approximate 30% increase of torsional shear strength is due to the
mechanical interlocking effect given by glass infiltration inside the laser-induced protrusions on Crofer as evi-
denced by SEM/EDS on cross-sections and fracture surfaces after torsion tests.

Shear strength

Solid oxide cell
Laser

Surface modification

1. Introduction

Efficient electrochemical energy conversion in solid oxide cells
(SOC) can be achieved only by a reliable integration and joining tech-
nology. The metallic interconnect must be joined and sealed to the
adjacent ceramics components to produce a SOC stack [1,2]. The sealing
procedure, and consequently the reliability of the whole joined parts,
presents significant challenges because the robustness of different in-
terfaces is a key parameter to preventing gas mixing and consequent
stack failure.

One of the major challenges is to assess the proper sealing material
and the related interface with adjacent materials, taking into consider-
ation different stress conditions present in SOC stacks [3,4]. Glass-based
sealings, characterized by different properties according to their
composition, play a crucial role in the SOC performance and durability
[5-9]: as an example, rising the internal stack operating pressure by
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pressurised electrolysis would provide an efficient solution for the de-
livery of pressurised hydrogen at a reduced cost [10], but it is unques-
tionably linked to the availability of a mechanically strong
glass-to-interconnect bond.

Although glass-to-metallic interconnects bond has received consid-
erable and critical attention in the past, most of the work has been
devoted to evaluating tensile or bending strength [11,12] while, under
relevant SOC operating conditions, the glass-based sealant is also and
foremost exposed to shear stresses.

To the best of the authors’ knowledge, only a limited number of
studies exist on the shear strength evaluation of joined components for
solid oxide cells [13-17].

The torsion test on hourglass-shaped samples is recognised as one of
the most suitable and reliable methods to measure the “pure” shear
strength of glass-to-metal joints, without additional stresses such as
bending or peeling as it happens with other tests which provide
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“apparent” and size-dependent shear strength values [18]. Furthermore,
it has also been demonstrated that torsion tests are suitable for obtaining
size-independent pure shear strength results. The shape of torsion curves
may be used to detect a cohesive or adhesive fracture in a glass-to-metal
joint [19].

To obtain a cohesive fracture, and thus fully exploit the joining
material’s mechanical strength, several surface treatments are usually
done before joining similar or dissimilar materials (i.e. polymer-to-
metal, ceramic-to-glass, polymer-to-polymer, etc ...) [20-22]. As an
example in the field of SOC applications, Ritucci et al. [23] investigated
the mechanical adhesion of joints made of a diopside based
glass-ceramic (labelled as V11) and Crofer interconnects after three
different surface treatments: the adhesion was evaluated by measuring
the fracture energy, but without mentioning how the surface roughness
influenced the glass-to-metal adhesion.

A suitable metal roughness is needed to fully exploit the mechanical
interlocking effect in a glass-to-metal joint. This paper aims to investi-
gate, for the first time, the effect of Crofer 22 APU stainless-steel surface
modification by a fibre laser and to measure it by torsion tests on glass-
joined samples. The results of this work will provide SOC designers with
a reliable set of torsional shear strength values, showing the proper
balance of an adequate design of the interconnect roughness while
avoiding large defects at the glass-to-metal interface.

2. Experimental

As-received Crofer 22 APU (in the following abbreviated as “Crofer”)
hourglass samples (THG-25, 25 mm diameter, size and shape reported in
Ref. [19]) were mechanically polished to obtain an average surface
roughness S, = 250 nm, measured by profilometry specified below. The
samples were then cleaned for 5 min in an ultrasonic bath with acetone,
rinsed with ethanol, and air-dried before laser processing.

An Infrared Nanosecond fibre laser (wavelength = 1064 nm, pulse
width = 12 ns, spot size = 60 pm) was focused onto the steel at normal
incidence for surface modification. Laser parameters such as scan speed
(5 mm/s), pulse repetition rate (25 kHz), and lateral scan spacing (40
pm) were fixed while the average laser power was varied. In such a way,
it was possible to adjust the average surface roughness (Sa) and the
maximum peak to valley height (Sz) of the steel surface in a controllable
manner. After each laser modification and before further processing,
Crofer samples were sonicated in acetone and ethanol solutions for 5
min each to remove any eventual residue that might have formed on the
surface during laser processing. The surface morphology of the samples
was analysed via a stylus profilometer (Form Talysurf Intratouch, Taylor
Hobson, USA). A selected surface area of 0.75 mm? (1.5 mm x 0.5 mm)
was scanned, and the physical parameters of the surface in terms of
surface roughness (Sa, Sz) were derived.

The compositional modification of laser treatment on the Crofer
surface was investigated by a Bruker D8 diffractometer with Cu-Ka ra-
diation. Diffraction patterns were recorded at room temperature in a
2Theta range of 10°-70°, with a step size of 0.013° 2Theta and mean-
time per step of 100 s; recorded patterns were analysed using Pan-
Alytical X'Pert software and PDF-2 database.

A silica-based, boron-containing glass-based sealant (proprietary
composition) with composition and properties similar to those reported
in Ref. [24] was used as the sealing material.

For the joining process, glass powder was mixed with a minimum
amount of ethanol and the obtained slurry was manually deposited on a
one-half hourglass; a specific sample holder was designed to obtain a
200-250 pm thick slurry layer.

Afterwards, the second half hourglass was positioned on top of the
previous one and the joining process was carried out in a Carbolite 1800
HTF furnace operating in air, without applying any pressure, just an
alumina sample holder was used to keep the samples in place.

To choose the optimal conditions, several laser-processed Crofer
hourglasses were joined by the glass-based sealing material at
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Fig. 1. Variation of average roughness (Sa) and maximum peak to valley height
(Sz) versus laser fluence.

900-950 °C, in air, with a joining process of about 2 h.

Both as-received and laser-processed hourglass joined samples were
produced.

Torsion tests were performed with a Testresources custom made
machine (160-GT585 Testresources, USA): joined samples were placed
in 30 mm x 30 mm grips to hold them during the test. Then a preload of
5 Nm was set with a constant test speed of 1 deg/min. After the preload,
a constant speed of 5 deg/min was set for testing. The test stopped when
a fracture was detected.

Morphological characterization of as-joined and post-mortem sam-
ples was done by using a field-emission scanning electron microscope
(FESEM; SupraTM 40, Zeiss, Oberko-chen, Germany) equipped with an
energy dispersive X-ray analyser (EDS, Bruker, Germany). To observe
the cross-sections, hourglass samples were embedded in epoxy resin and
polished up to 4000 SiC paper.

3. Results and discussion
3.1. Surface characterization of laser-processed Crofer

3.1.1. Surface roughness

Laser pulse interaction with a metallic surface can deliver a large
amount of energy over a very short time scale, e.g., nanoseconds. If the
laser energy is above a given threshold, the part absorbed by the target
material results in instantaneous melting and eventual material vapor-
ization at the laser focus and nearby regions [25]. Upon reaching the
vaporization temperature, a substantial increase in material removal in
the form of vapour and molten liquid droplets occurs. This phenomenon
is known as phase explosion. In this work, the employed working energy
is well beyond the phase explosion threshold observed with metals (<10
J em™?) [26,27].

Working in the phase explosion regime allows removing material fast
and in a controlled way. Consequently, the final surface morphology
results mainly from material removal via vaporization, rapid conden-
sation of molten material, and redeposition of ejected material as
micro-/nano-particles on the surface. The controllable laser parameters
influencing surface features are average laser power, scan speed, scan
line spacing, and pulse repetition rate. In this study, however, the main
parameter of interest is laser fluence (F) given by:

32838



F. Smeacetto et al.

Table 1

Laser parameters and surface roughness values on Crofer.
Fluence (J - cm™~2) Sa (um) Sz (um)
14.1 4.6 39.7
28.3 8.8 61.6

_ Pulse energy
. (“7")2
where wy represents focal spot size diameter (60 pm) and Pulse energy is
given by:

Pog

Pulse energy = PRR

where P, is the average laser power and PRR is the pulse repetition
rate. Fluence includes the pulse repetition rate, scan speed, and average
power since it represents the amount of energy per unit area integrated
over time. The variation of surface roughness parameters with laser
fluence was first characterized as follows: Fig. 1 shows the average
roughness (Sa) and maximum peak to valley height of surface roughness
(Sz) achievable upon variation of laser fluence. Both roughness param-
eters (Sa and Sz) increase with laser fluence due to larger pulse energy.

A pair of low-high average roughness (Sa) values were chosen for the
tests to select the best candidate for SOC joining application. Table 1
reports the laser parameters selected and the obtained surface roughness
for the joining strength tests. The Profilometer 3D surface mapping in
Fig. 2 clearly presents the effect on the surface morphology introduced
by laser processing. The (Sa4.6 pm) profilometer 3D map in Fig. 2a
distinctly shows the laser scan lines as valley regions with side peaks for
the low roughness sample. For this process, the spatial distribution is
more uniform than the one with the higher roughness sample (Sa8.8
pm), as reported in Fig. 2b. Indeed, for the high roughness, the excessive
energy has resulted in melt and redeposition generating a relatively
random peak distribution.

3.1.2. Surface characterization

Crofer is usually subjected to oxidation in air, to form a controlled
oxide scale before or during joining. To evaluate the laser effect on the
oxide scale formation, both laser-processed and as-received Crofer
samples were subjected to oxidation in air at T > 900 °C for 2 h, which is
the thermal treatment used for the joining process, as will be discussed
in the following section. Recorded XRD patterns for laser-processed non-
oxidized Crofer are reported in Fig. 3b for comparison purposes,
together with results for oxidized Crofer in Fig. 3a and laser-processed
and oxidized Crofer in Fig. 3c. It is evident that the laser caused par-
tial oxidation of the steel substrate, as revealed by the presence of a Fe
and Cr rich oxide scale, identified with the CroFeO4 phase in the PDF-2
database.

(a)
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As expected, the thermally grown oxide scale formed on oxidized
Crofer in Fig. 3b consists of MnCr,04 spinel as the main phase and Cry03
as the second phase. This evidence is in agreement with the study
published by Talic et al. [28], where the Crofer pre-oxidation treatment
is investigated at different temperatures and atmospheres. On the other
hand, laser-processed Crofer after oxidation in Fig. 3c confirms the
presence of a mixed Cr-Fe oxide scale as the main phase, matching with
Crj 3Feg 703 (code 035-1112 in PDF-2), with the main peaks of chromia
also identified. It is interesting to note that no MnCr,04 spinel is formed
on laser-processed Crofer after oxidation, but a Cr; 3Fe( 703 scale: it is
thus clear that this laser treatment could influence the oxidation
behaviour of the Crofer substrate. Although the long-term stability of the
Cr; 3Fe( 703 scale during SOC working conditions, and in contact with
the sealant has still to be assessed, this new oxidation behaviour might
be of interest and will be the subject of further investigation.

a
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X FeCr steel substrate
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Fig. 3. XRD patterns of bare Crofer after oxidation (a) laser-processed Crofer(b)
and laser-processed Crofer after oxidation treatment (c).

(b)

Fig. 2. Profilometer surface map for chosen laser parameters with average surface roughness (a) 4.6 pm and (b) 8.8 ym.
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Fig. 4. SEM top view of the laser-processed Crofer surfaces by using the two above mentioned laser process parameters, laser fluency of 14.1 J cm~2 (a) and the

corresponding joined samples cross-section (b) before the torsion test.

3.2. Morphological and mechanical characterization of joined samples

Fig. 4 shows the SEM top view of the laser-processed Crofer surfaces
by using the two above mentioned laser parameters (Fig. 4a, c¢) and the
corresponding joined samples cross-sections (Fig. 4b, d).

It is evident that the roughness is substantially different in the two
cases (Fig. 4a and c) and that the Crofer surface morphology changes as a
function of increased laser fluence. A periodic patterned and ordered
arrangement showing a wave-like surface was obtained with the laser
fluence of 14.1 J ecm ™2, as shown in Fig. 4a. Further increasing the laser
fluence to 28,3 J cm 2 resulted in an irregular pattern of the surface
roughness, with the texture characterized by important changes, (re-
ported in supplementary material information), with several not uni-
form surface protrusions.

Fig. 4b showed the SEM cross-section of the joined samples,

concerning the Crofer surface modification with a laser fluence of 14.1 J
cm ™2, before the torsion test.

A perfect glass infiltration was obtained for the lower laser fluence
(Fig. 4b): the glass appears to be tightly bonded with the Crofer and no
significant defects were identified at the interface.

On the contrary, an irregular surface modification occurred in the
case of high laser fluence, as reported in supplementary material in-
formation with a consequent partial infiltration into the Crofer pro-
trusions and some porosity evident in the sealant Based on these
preliminary observations, a fluence of 14.1 J cm ™2 was selected for laser-
processed Crofer substrates to be joined and tested in torsion.

This specific hourglass geometry, labelled as THG (Torsion Hour
Glass), was previously modelled and experimentally verified in different
laboratories, and it is considered one of the very few appropriate
methods to measure the shear strength under torsional loading for a

Fig. 5. Visual appearance of typical fracture surfaces after torsion test, for as-received (a) and laser-processed (b) joined samples.
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Fig. 6. Typical cross-sections of steel/glass interfaces in joined samples after torsion tests: as-received Crofer (a) and laser-processed Crofer (b).

wide variety of joined samples [29].

The role of brittle or ductile joining materials on torsion results,
together with the fracture propagation has been reported in previous
works [30]. In this work, the glass-based joining material at room
temperature is characterized by an intrinsically brittle nature, with a
linear behaviour until fracture during torsion tests; furthermore, all
samples exhibited the fracture in the joined region. With both these
requirements fulfilled, the maximum torque of the torsion test can be
used to calculate the shear strength of the joined samples, according to
egs. (1) and (2):

Mmax'Re

Timax = Shear Strenght = 7

Eq. 1

with:

Fig. 7. SEM on fracture surfaces after torsion test and
detected materials by EDS analysis for as-received (a)
and laser-processed (b) joined samples. Glass is
partially present on both surfaces in a typical mainly
adhesive (with failure jumping from one interface to
the other) fracture mode in (a) for as-received joined
samples; a completely different fracture surface with
glass present on both surfaces and glass infiltrating
the laser-processed Crofer surface is evident in (b) for
laser-processed joined samples (inset: samples’ visual
appearance).

v
:ﬂ'Re

=7

Eq. 2

where 7,y is the shear strength, Mpay is the maximum torque, J is the
polar moment of inertia and R, is the radius of the joined area.

The shear strength of the as-received glass-joined Crofer-samples was
24 + 7 MPa, while the laser-processed Crofer, with an average surface
roughness of 8.8 pm, gave a shear strength of 32 + 5 MPa.

The typical fracture surfaces after the torsion test for as-received (a)
and laser-processed (b) hourglass samples are shown in Fig. 5, where the
different failure behaviour is compared. Their visual appearance evi-
dences a major difference in the fracture mode: glass is partially present
on both surfaces in a typical mixed fracture mode in Fig. 5a for as-
received joined samples. A completely different fracture surface is
evident in Fig. 5b for laser-processed joined samples: the fracture is

(a)

(b)

Fig. 8. Sketch of the typical fracture propagation mode for the as-received Crofer joined samples (a) and for laser-processed Crofer joined samples (b).
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mainly propagating through the sealant, in a cohesive mode, with glass
present on both fracture surfaces.

Fig. 6 shows the typical cross-sections of Crofer/glass interfaces in
joined samples after torsion tests: as-received steel (a) and laser-
processed steel (b). The approximate 30% increase in torsional shear
strength is due to the mechanical interlocking effect given by glass
infiltration inside the laser-induced protrusions on Crofer and it was
evidenced by SEM/EDS on cross-sections after the torsion tests.

What is evidenced in Fig. 7b, (fracture surface top view of the glass-
joined laser-processed Crofer after torsion test) is a further confirmation
of what was already pointed out by observing the cross-section after
testing (Fig. 6b) of the same sample, where the glass-steel interface is
continuous and crack free.

The EDS analysis results are shown in Fig. 7 by arrows, indicating the
presence of Crofer, chromium oxide and glass elements in large areas of
the fracture surfaces after torsion tests, thus confirming the mixed-mode
fracture (Fig. 7a); on the contrary, the glass debris found on both sur-
faces in Fig. 8b confirms the cohesive behaviour for laser-processed
Crofer joined samples.

As a summary, Fig. 8a is a sketch of the typical fracture propagation
mode for the as-received Crofer joined samples, showing the mainly
adhesive mode, with failure jumping from one interface to the other,
failure of these joints, while Fig. 8b sketches the fracture propagation
mode for laser-processed Crofer joined samples, showing the cohesive
behaviour for this type of joints.

4. Conclusions

This work evidenced some interesting aspects of the torsional
behaviour of hourglass-shaped Crofer 22 APU joined by a glass specif-
ically designed for solid oxide cell stacks.

Specific focus was given to Crofer surface modification by laser
processing and laser fluence of 14.1 J cm ™2, leading to a Crofer surface
roughness of about 4.6 pm, which was selected as the optimal surface
processing condition before the joining process.

The torsional shear strength of glass-joined as-received Crofer was
measured as 24 + 7 MPa with a mainly adhesive failure mode, while the
laser-processed Crofer gave 32 + 5 MPa with cohesive failure and the
laser formed Crofer protrusions infiltrated by the glass.

The approximate 30% increase in torsional shear strength is due to
the mechanical interlocking effect given by glass infiltration inside the
laser-induced protrusions, as clearly demonstrated by the SEM analyses
on the as joined cross-sections and the fracture surfaces after torsion
tests.
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