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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Design of innovative glass sealant com
positions for PCEC integration.

• Effect of powder morphology on glass 
viscous flow and crystallisation 
behaviour.

• Optimisation of joining to ensure gas 
tightness and control seal geometry.

• Thermochemical compatibility of glass 
sealants with BZCY half-cells and 
AISI441.
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A B S T R A C T

This work reports the design, processing, and testing of novel borate-based glass sealants for joining ferritic 
stainless steel AISI 441 interconnects to NiO-SrZr0.5Ce0.4Y0.1O3-δ (SZCY541)/BaZr0.44Ce0.36Y0.2O3-δ (BZCY442) 
protonic half-cells. Two formulations, belonging to the B2O3–BaO–Al2O3–CaO–SrO–SiO2 and 
B2O3–BaO–SiO2–Al2O3–CaO–SrO–ZnO–ZrO2 systems, are tailored to enable low-temperature joining (<700 ◦C), 
thereby limiting interfacial reactivity while ensuring thermomechanical compliance at operating temperatures 
(≈ 600 ◦C). The effects of glass chemistry and powder morphology on densification, viscous flow, and crystal
lisation are systematically investigated, showing predominantly surface-controlled crystallisation behaviour. 
Screen-printed tapes are used to fabricate symmetric metal/glass/metal assemblies. The joining process is 
optimised by varying peak temperature and applied pressure to correlate sealant deformation and gas-tightness 
with processing conditions, defining reliable joining parameters for PCEC stack integration. The resulting 
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samples show excellent sealing performance, with He leakage rates below 1 × 10− 9 mbar L s− 1 and a final sealant 
thickness of ≈ 200 μm. Optimised conditions are applied to half-cell/glass/metal joined samples, exhibiting gas- 
tightness (Δp < 2 mbar after 5 min) and stable geometry. SEM–EDS confirms strong adhesion and chemical 
compatibility with NiO–SZCY541/BZCY442 and AISI 441, demonstrating the suitability of the investigated 
compositions for PCEC sealing.

1. Introduction

In the transition toward a carbon-neutral energy system, green 
hydrogen is expected to play a central role as both an energy storage 
medium and an energy carrier in power-to-X schemes [1,2]. In this 
framework, surplus renewable electricity is converted into hydrogen by 
electrolysis and can be reconverted into electricity when required [3]. 
Reliable and efficient electrolysis technologies are therefore essential for 
large-scale deployment.

High-temperature ceramic electrolysers are particularly attractive 
because elevated operating temperatures (400–900 ◦C) enhance elec
trode kinetics and reduce the required cell voltage, typically to 1.2–1.4 V 
[4]. This results in lower electrical energy demand compared with 
low-temperature technologies such as proton exchange membrane 
electrolysers (PEMECs) and alkaline electrolysers (AECs) [5,6]. 
Oxygen-ion conducting solid oxide electrolysis cells (SOECs) represent 
the most mature high-temperature electrolysis technology and are 
commonly operated at 700–900 ◦C [7,8]. System-level studies have 
demonstrated high efficiencies and significant benefits from thermal 
integration [9]. However, effective heat integration requires steam 
generation and a dedicated thermal-management architecture. More
over, large-scale deployment of SOEC technology remains limited by 
high capital costs and durability issues, mainly related to stack 
manufacturing complexity, high-temperature balance-of-plant compo
nents, and degradation-driven replacement [10–14].

Proton ceramic electrolysis cells (PCECs) have emerged as a prom
ising alternative to SOECs. Unlike SOECs, which rely on oxygen-ion 
(O2− ) transport, PCECs conduct protons (H+) through the electrolyte 
from the oxygen electrode to the fuel electrode [15]. Proton transport is 
characterized by relatively low activation energies (0.45–0.65 eV) in the 
300–600 ◦C temperature range [16], enabling efficient operation at in
termediate temperatures and potentially mitigating thermally induced 
degradation phenomena [17–19]. In addition, steam is supplied to the 
oxygen electrode, while hydrogen is produced at the fuel electrode with 
limited dilution. This configuration can significantly reduce or eliminate 
downstream hydrogen separation steps, thereby simplifying system 
design and offering potential cost and integration advantages [20]. 
State-of-the-art PCEC electrolytes are based on doped barium cera
te–zirconate perovskite solid solutions, BaZr1-x-yCexMyO3-δ (BZCM, 
where M is a trivalent dopant) [21,22]. At the fuel electrode, Ni-based 
cermets are the most commonly employed fuel-electrode material, 
typically consisting of metallic Ni combined with a proton-conducting 
ceramic phase such as BZCM or SrZr1-x-yCexMyO3-δ (SZCM) [16]. At 
the oxygen/steam electrode, mixed ionic–electronic conductors 
(MIECs), such as Ba1-xSrxCo1-yFeyO3-δ (BSCF) and La1-x SrxCo1-ᵧFeᵧO3-δ 
(LSCF), have been extensively investigated for this application owing to 
their favourable electrochemical performance [23,24].

Despite the advantages, PCEC technology is still largely confined to 
the laboratory scale. Most studies focus on materials and cell-level 
components, while only a limited number address stack design and 
system integration in both fuel-cell and electrolysis modes [17,25]. The 
upscaling process requires dedicated investigations at the 
single-repeating-unit (SRU) level. This includes integrating metallic 
interconnect plates into the membrane–electrode assembly (MEA) using 
suitable sealant materials. Ferritic stainless steels (FSSs) already used in 
SOECs, such as AISI 441, AISI 430, Crofer 22 APU, and Crofer 22 H, have 
also shown strong potential as interconnect materials for PCECs due to 
their good oxidation resistance and compatible coefficients of thermal 

expansion (CTE) [26–28]. Their CTE values, typically 11–12 × 10− 6 K− 1 

[29,30] are reasonably well matched with those of doped BZCY perov
skites in dry state, which generally range between 8 and 13 × 10− 6 K− 1, 
whereas under wet conditions, the apparent thermochemical expansion 
coefficient is generally lower than the dry-state range and becomes 
markedly temperature-dependent due to hydration-induced chemical 
expansion [31]. This effect should be taken into account when evalu
ating thermo-mechanical compatibility under realistic operating 
conditions.

For sealing, glass-based materials are the most widely adopted so
lution. Extensive research has been conducted on glass and glass- 
ceramic sealants for SOFC and SOEC stack integration [32–35]. These 
materials offer high compositional flexibility, enabling the tuning of 
thermomechanical properties to ensure gas-tightness, electrical insu
lation, and chemical and mechanical compatibility among SRU com
ponents. Glass-based sealants typically consist of borosilicate systems 
containing alkali and alkaline-earth oxides as network modifiers [36], 
whose sealing behaviour is strongly governed by the balance between 
viscous flow, densification, and crystallisation during the joining pro
cess. Previous studies have shown that the viscosity evolution and 
crystallisation kinetics must be carefully tailored to allow sufficient 
wetting and densification before extensive devitrification increases the 
sealant rigidity and limits flow capability [37–39]. In particular, delayed 
or controlled crystallisation has been associated with improved joining 
ability and enhanced thermo-mechanical stability, whereas excessive or 
premature crystallisation can hinder densification and promote sealing 
defects [37]. The optimisation of these phenomena is strongly 
composition-dependent, since network modifiers and intermediate ox
ides directly affect glass viscosity, crystallisation tendency, and thermal 
expansion behaviour [40]. Moreover, particle-size distribution plays a 
critical role in determining sintering kinetics and sealing performance, 
influencing the densification rate, viscous deformation, and final 
microstructure of the joined seal [38]. These interrelated effects ulti
mately govern the relationship between glass composition, microstruc
tural evolution, and joining performance under SOC operating 
conditions [41–43]. Beyond composition, selecting a suitable deposition 
technique is equally important. Glass-based sealants are compatible 
with a wide range of processing methods, including automated tech
niques such as tape casting, robocasting, and screen printing [44–46]. 
The choice of deposition strategy, combined with the optimisation of 
joining temperature and applied pressure, directly affects layer thick
ness, uniformity, and green density, thereby playing a key role in 
ensuring process reproducibility and scalability.

In our previous studies, three borosilicate glass compositions, two 
mainly modified with MgO and one with BaO, originally developed for 
SOC applications, were also evaluated for PCEC sealing, joining BZCY- 
based ceramics to an AISI 441 metallic counterpart [47,48]. Two 
major limitations were identified. First, the relatively high joining 
temperatures required (800–900 ◦C) led to interfacial instability during 
sealing. Second, the elevated glass transition temperatures (Tg) resulted 
in limited mechanical compliance at typical PCEC operating tempera
tures (≈600 ◦C), thereby reducing the sealants' ability to accommodate 
thermomechanical stresses and promote crack self-healing. Crack for
mation, driven by CTE mismatch and further aggravated by 
hydration-induced chemical expansion of BCZY [31,49], highlights the 
inadequacy of SOC-optimised compositions under PCEC conditions. 
These findings demonstrate that dedicated glass formulations, specif
ically engineered for PCEC systems and their associated material 
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couples, are required. To date, only a limited number of studies have 
addressed this need. For instance, SiO2-TiO2-K2O-Na2O-Al2O3-ZnO glass 
sealant was successfully applied to join Mn–Co-coated Crofer 22 H to 
BaZr0.1Ce0.7Y0.1Yb0.1O3-δ (BZCYYb), maintaining stability after 300 h in 
humid oxidizing conditions at 600 ◦C [28,50–52]. Similarly, borate-rich 
glasses and a 5 wt% 3YSZ composite formulation demonstrated prom
ising thermal stability when joining BZCY622 to AISI 441 under severe 
air–steam (70:30 vol%) aging at 600 ◦C and thermal cycling [47]. 
However, systematic optimisation of the interrelationship between 
composition, processing, and joining parameters for PCEC stack inte
gration remains limited.

In this study, innovative borate-rich glass systems were specifically 
designed as potential sealants to join FSS AISI441 to NiO- 
SrZr0.5Ce0.4Y0.1O3-δ (SZCY541)/BaZr0.44Ce0.36Y0.2O3-δ (BZCY442) half- 
cells, with a NiO:SZCY541 wt ratio of 60:40 [19,53]. Two formula
tions belonging to the B2O3–BaO–Al2O3–CaO–SrO–SiO2 and 
B2O3–BaO–SiO2–Al2O3–CaO–SrO–ZnO–ZrO2 systems were developed. 
Unlike most glass and glass-ceramic sealants reported in the SOC liter
ature, which are predominantly based on silicate or borosilicate net
works, the proposed compositions were designed with B2O3 as the 
principal network former and only a limited SiO2 content. Both formu
lations have BaO as main glass modifier. This compositional approach 
was adopted to exploit the intrinsically lower characteristic tempera
tures of borate-rich glasses, thereby promoting improved wettability and 
effective joining at temperatures <700 ◦C, while mitigating interfacial 
instability phenomena at the glass/ceramic interface. The compositions 
were further engineered with distinct network modifiers and additives 
to tailor sintering kinetics and crystallisation behaviour, targeting a 
predominantly amorphous matrix after joining, with a Tg < 600 ◦C, to 
facilitate stress relaxation under PCEC operating conditions, while 
promoting controlled partial crystallisation to enhance mechanical sta
bility and long-term reliability. Thermal analyses were performed on the 
proposed systems to systematically investigate sintering and viscous 
flow behaviour as a function of glass composition and particle size. 
Based on prior experience in SOC stack assembly at Forschungszentrum 
Jülich, screen printing was selected as the reference deposition tech
nique. Screen-printed tapes were used to fabricate 5 cm × 5 cm sym
metric joined samples (metal/glass/metal) under different peak joining 
temperatures and applied pressures. The influence of the joining con
ditions on CTE evolution and crystallisation behaviour was analysed. 
The joined samples were evaluated for gas tightness, control of sealant 
width and thickness after joining, and optimal processing parameters 
were identified. Asymmetric joined samples (ceramic/glass/metal) were 
subsequently fabricated under the optimised conditions using 3 cm 
diameter half-cells. These assemblies exhibited excellent gas tightness. 
Post-mortem SEM–EDS analyses confirmed chemical compatibility at 
the glass/ceramic and glass/metal interfaces, demonstrating the suit
ability of the proposed glass systems for PCEC integration at the SRU 
level.

2. Experimental

2.1. Glass synthesis

Two glass compositions, designed at Politecnico di Torino using the 
SciGlass® database, were investigated in this study. The first belongs to 
the B2O3–BaO–Al2O3–CaO–SrO–SiO2 system and is internally desig
nated as Glass Proton Ceramic #6 (GPC6). The second, labelled Glass 
Proton Ceramic #7 (GPC7) is based on the B2O3 
–BaO–SiO2–Al2O3–CaO–SrO–ZnO–ZrO2 system. Both are barium borate- 
rich glasses, with B2O3 as the main network former and BaO as the 
primary network modifier. The two compositions differ mainly in the 
SiO2 molar content and in the addition of ZnO and ZrO2 in GPC7. In 
particular, the higher SiO2 content in GPC7 was introduced to increase 
glass network rigidity and viscosity [36], while ZnO and ZrO2 were 
added to promote controlled crystallisation [54]. Due to confidentiality 

constraints, the formulations are reported in Table 1 as molar percent
ages ranges of the constituent oxides.

For glass synthesis, the appropriate amounts of precursor powders 
(acids, oxides and carbonates; all from Sigma-Aldrich, purity >99.99%) 
were weighed into a cylindrical polyethylene (PE) bottle and mixed for 
24 h using a roll mixer (RS-TR 5/10, Phoenix Instrument, USA). The 
batch was then transferred to a Rh–Pt crucible and melted in a chamber 
furnace (Nabertherm GmbH, Germany) at 1350 ◦C for 1 h with the lid in 
place, followed by 30 min at 1400 ◦C without the lid. The melt was 
quenched on a brass plate. Each melt yielded approximately 20 g of bulk 
glass. Ten melts were prepared for each composition, resulting in 
approximately 200 g of GPC6 and 200 g of GPC7. For each composition, 
two cast glass droplets (7–8 mm in diameter and 5–6 mm in height) were 
collected for dilatometry analysis, while the remaining bulk glass was 
crushed and processed into powders.

2.2. Chemical composition analysis

The chemical composition of the produced glass powders was veri
fied by inductively coupled plasma-optical emission spectroscopy (ICP- 
OES; iCAP 7600, Thermo Fisher Scientific, USA). Approximately 50 mg 
of powder was digested in an Au crucible by alkaline fusion using 
500 mg NaOH at 600 ◦C for 30 min. The melt was dissolved in water, 
transferred, mixed with 25 mL of 5 wt% HCl, and diluted to a final 
volume of 50 mL. The resulting solutions were analysed semi- 
quantitatively for the elements of interest.

2.3. Powder processing

Two powder fractions with different particle size distributions (PSD) 
and specific surface area (SSA) were prepared. To obtain the coarse 
fraction, 100 g of each glass was dry milled for 1.5 h using a vibratory 
zirconia mortar grinder (Pulverisette 0, Fritsch GmbH, Germany) with 
one 50 mm zirconia ball. The powders were then sieved through a 63 μm 
stainless-steel mesh and labelled GPC6-coarse and GPC7-coarse. The 
remaining 100 g of each glass was further processed to obtain finer 
powders. After dry milling, the powders were wet milled in a poly
ethylene (PE) bottle using ethanol as the milling medium and 3 mm 
zirconia balls as the grinding media. The powder-to-balls mass ratio was 
1:5, and an ethanol-to-powder ratio was 2 mL g− 1. Wet milling was 
performed in a tumbling mixer (Turbula T2F, Willy A. Bachofen AG, 
Switzerland) for 24 h at 49 rpm. The slurry was dried at 60 ◦C for 12 h, 
and the resulting powders were collected and labelled GPC6-fine and 
GPC7-fine. All processed glass powders were characterized in terms of 
PSD by static laser scattering (LA-950V2, HORIBA Europe GmbH, Ger
many) and SSA by nitrogen adsorption (Area Meter II, Juwe Laborgeräte 
GmbH, Germany).

2.4. Thermal analysis

Glass sintering and viscous-flow behaviour were investigated by hot- 
stage microscopy (HSM; Hesse Heating Microscope, Germany). Cylin
drical pellets (2 mm diameter, 2 mm height) were uniaxially pressed 

Table 1 
Molar percentage ranges of the constituent oxides in the GPC6 and GPC7 glass 
systems.

Oxides GPC6(mol. %) GPC7 (mol. %)

B2O3 30 – 40% 30 – 40%
BaO 30 – 40% 30 – 40%
SiO2 <5% 5 – 15%
Al2O3 5 – 15% <5%
CaO 5 – 15% <5%
SrO <5% <5%
ZnO - <5%
ZrO2 - <5%
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from the glass powders and placed on NiO–SZCY541/BZCY442 half-cell 
substrates. The samples were heated in static air from 20 to 300 ◦C at 
10 ◦C⋅min− 1, then from 300 ◦C to the melting temperature at 2 ◦C⋅min− 1. 
The evolution of pellet shape during heating was recorded with a CCD 
camera (Leica Microsystem, Germany). The images were used to 
determine characteristic temperatures associated with sintering, viscous 
flow, and wetting on the substrate. These characteristic temperatures 
were used to construct the apparent viscosity–temperature curves using 
the Vogel–Fulcher–Tammann (VFT) equation [55].

Differential scanning calorimetry (DSC 404 F3 Pegasus, NETZSCH, 
Germany) was carried out on glass powders with different particle sizes. 
For each run, approximately 30 mg of powder was loaded into a Pt 
crucible and heated from 20 to 1000 ◦C with heating rates of 5, 10, 20, 
and 30 ◦C⋅min− 1. Air was used as purge gas (50 mL⋅min− 1), while N2 was 
used as a protective gas (20 mL⋅min− 1). Before each measurement, a 
baseline run was recorded with an empty Pt crucible under identical 
conditions and subtracted from the sample signal. Tg, crystallisation 
onset temperature (Tx), and crystallisation peak temperature (Tp) were 
extracted from the DSC curves. Non-isothermal crystallisation kinetics 
were analysed using the Ozawa and Matusita–Sakka methods [56–58] to 
estimate the apparent activation energy (Ea), the Avrami exponent (n), 
and the crystal growth dimensionality (m), as a function of glass 
composition and particle size. To evaluate the rate-limiting steps gov
erning crystallisation, Ea was finally compared with the activation en
ergy of viscous flow (Eη) [59–61].

Dilatometry was used to measure the dilatometric softening tem
perature (Td) and the CTE of the designed glass systems. Measurements 
were performed using a dilatometer (DIL 402 PC, NETZSCH, Germany) 
at 5 ◦C⋅min− 1 from room temperature to the softening point. The CTE 
was calculated between 100 and 500 ◦C by linear regression of the 
dilatometric strain curves, with the CTE corresponding to the slope of 
the fitted line. R-square value was reported for each fit. CTE of the as-cast 
glasses was tested using bulk droplets collected after quenching. To 
evaluate the CTE after the joining thermal treatments, powder pellets 
were uniaxially pressed under a 2.5 t load and heated to the selected 
peak joining temperatures for 30 min with a heating rate of 2 ◦C⋅min− 1.

2.5. Joining process optimisation

Fig. 1 summarizes the workflow adopted for the joining-process 

optimisation. The procedure included preparation of green sealant 
tapes (Fig. 1a), fabrication of symmetric and asymmetric joined samples 
(Fig. 1b), gas-tightness evaluation (Fig. 1c), and characterisation of the 
final seal geometry by micro-computed tomography (micro-CT) 
(Fig. 1d).

2.5.1. Joining assembly
Sealant pastes were prepared by mixing GPC6–coarse and 

GPC7–coarse glass powders with an organic solvent and a binder solu
tion according to a patented formulation [62]. The pastes were 
screen-printed onto a plastic tape-casting carrier foil using a 
circular-ring pattern (AT-60PD, ESC GmbH, Germany) to a final thick
ness of approximately 500 μm. The printed layers were dried at 60 ◦C for 
12 h to obtain green sealant tapes. Ring-shaped green tapes (Fig. 1a) 
were produced by punching the layers with a metal die (inner diameter 
of 24 mm, outer diameter of 29 mm) and used to assemble symmetric 
and asymmetric samples (Fig. 1b). Symmetrical joined samples were 
assembled using two 50 mm × 50 mm × 3 mm AISI 441 plates (Aperam 
Stainless Services & Solutions, Italy), only one of which contained a 
central hole with a diameter of 1 mm. Between the two FSS plates, 
150 μm-thick 3YSZ tape spacers were inserted to impose a minimum 
sealant thickness, previously identified as required to prevent electrical 
short circuits between the plates [37]. Dead loads were applied to pro
vide the target joining pressure. In the first set of symmetric joined 
samples, the joining pressure was fixed at 0.02 MPa and three peak 
joining temperatures were tested: 640, 650, and 670 ◦C for 
GPC6–coarse, and 660, 680, and 690 ◦C for GPC7–coarse. Joining was 
performed in static air using a furnace (Nabertherm 1300, Nabertherm 
GmbH, Germany). A debinding step was applied at 350 ◦C for 1 h and 
550 ◦C for 1 h. Heating and cooling rates were fixed at 2 ◦C⋅min− 1 for all 
samples, consistent with typical SOFC/SOEC start-up and shut-down 
ramps [63]. Based on previous studies, the dwell time at the peak 
joining temperature was 30 min [47]. In the second set of symmetric 
samples, the joining pressure was varied at a fixed peak joining tem
perature. For GPC6–coarse, the peak temperature was set to 670 ◦C; 
while for GPC7–coarse it was set to 690 ◦C. Joining pressures of 0.005, 
0.01, and 0.02 MPa were applied. Asymmetric joined samples were 
fabricated at 670 ◦C for 30 min under 0.005 MPa for GPC6–coarse, and 
at 690 ◦C for 30 min under 0.01 MPa for GPC7–coarse. The asymmetric 
joined samples were assembled using NiO–SZCY541/BZCY442 half-cells 

Fig. 1. Workflow adopted for joining-process optimisation. (a) Digital photograph of the ring-shaped screen-printed green glass tape used to assemble symmetric and 
asymmetric joined samples. (b) Digital photograph and schematic illustration of the symmetric joined samples configuration used for joining-process optimisation. 
(c) Digital photograph and schematic of the helium leak-testing setup used to evaluate the gas tightness of the symmetric joined samples. (d) Top-view micro-CT 
reconstruction of a symmetric joined sample used to extract the final sealant geometric parameters. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.)
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(30 mm diameter, 0.5 mm thick; IMD-2, Forschungszentrum Jülich) and 
AISI 441 plates (50 mm × 50 mm × 3 mm) with a central 1 mm diameter 
hole.

2.5.2. Leakage test
To assess the integrity of the joined samples and the absence of 

critical defects after the corresponding joining thermal treatment, gas- 
tightness of symmetrically joined samples was measured at room tem
perature using a custom setup (Fig. 1c). Each sample was placed in a 
sealed glass chamber purged with helium (He) to impose a 1 bar pres
sure difference. The internal volume of the joined sample was connected 
through the central hole to a vacuum line and evacuated. Helium 
permeating through the sealant was quantified for 45 min using a he
lium leak detector (UL200, INFICON). Gas-tightness of asymmetrically 
joined samples was evaluated using a custom pressure-drop station. A 
pressure of 150 mbar was applied through the central hole in the AISI 
441 plate, and the pressure decay over 5 min, associated with leakage 
through the glass sealant, was recorded using a manometer (WIKA in
dicator A-AS-1).

2.5.3. Microstructural characterisation
Crystallinity evolution after the joining thermal treatments was 

evaluated by X-ray diffraction (XRD; D4 ENDEAVOR, Bruker AXS 
GmbH, Germany). Phase identification was performed using X'Pert 
HighScore (Malvern Panalytical, United Kingdom) and ICDD/JCPDS 
reference files. Joining integrity and sealant deformation were evalu
ated by X-ray computed tomography (micro-CT) using an X-RAY Worx 
XWT-300-CT Plus microfocus tube coupled with a PerkinElmer XRD 
1611 detector, operated at 128 kV and 0.487 mA with an exposure time 
of 1 s. Specifically, sealant width was measured on micro-CT re
constructions of the joined samples using Fiji (ImageJ; National In
stitutes of Health, Bethesda, MD, USA). For each sample, 10 
measurements were taken along the entire ring geometry, and the re
sults were reported as mean values with standard deviation. Sealant 
thickness was calculated from the difference between the symmetric 
sample thickness before and after the joining thermal treatment. Mea
surements were performed at 10 different positions, and mean values 
with standard deviation were reported. Post-mortem microstructural 
analyses were performed on cross-sections of the asymmetric joined 
samples by field-emission scanning electron microscopy (FE-SEM; 
MIRA3 XMH TESCAN, Czech Republic) coupled with energy-dispersive 
X-ray spectroscopy (EDS; UltimMAX 40, Oxford Instruments, United 
Kingdom). Samples were embedded in epoxy resin (Struers, Denmark), 
sectioned using a precision diamond saw (TM2200, ATM Qness GmbH, 
Germany), re-embedded, and polished using SiC abrasive papers of 
decreasing grit size down to 1 μm. Finally, the surfaces were sputter- 
coated with a 3 nm platinum layer (ZEISS, Germany) to improve elec
trical conductivity.

3. Results and discussion

3.1. Chemical characterisation

The selected sealants, labelled GPC6 and GPC7, are barium borate- 
rich glasses, where B2O3 is the main glass network former and BaO is 
the main glass network modifier. Pure B2O3 glasses are mainly built 
from trigonal BO3 units arranged in six-membered boroxol rings (B3O6). 
This structure results in a relatively open and less rigid network, which 
lowers glass viscosity and improves wetting of the joining surfaces at 
lower temperatures than silicate glasses [64]. Accordingly, parent 
borate-rich glasses exhibit lower Tg and Ts, allowing sealing below 
700 ◦C, which our previous study identified as the maximum joining 
temperature to suppress interfacial instability at the glass/perovskite 
interface [47], while ensuring adequate stability for PCEC operation 
between 400 and 600 ◦C. Pure B2O3 glasses have a CTE of approximately 
14 × 10− 6 K− 1 [36], providing a suitable base for CTE matching with 

AISI 441 (11–12 × 10− 6 K− 1) and doped BZCY perovskites 
(8–13 × 10− 6 K− 1). Moreover, they exhibit extremely low nucleation 
rates, as homogeneous nucleation typically occurs well below Tg, where 
viscosity is too high for crystal growth [65]. This favours the retention of 
an amorphous phase after joining, which can potentially promote crack 
self-healing during operation and mitigate stresses associated with 
chemical expansion in hydrated perovskites. However, excessive 
amorphous content may weaken mechanical stability and promote 
viscous flow at operating temperature. Glass modifiers are therefore 
required to balance viscosity, crystallisation tendency, and mechanical 
stability. Different glass modifiers were added (Table 1), and BaO was 
selected as the main one. In borate-rich glasses, BaO addition initially 
induces the conversion of trigonal BO3 units into tetrahedral BO4 units, 
increasing network connectivity, viscosity, and characteristic tempera
tures [66]. Above a threshold concentration (≈35 mol. % in the binary 
BaO-B2O3 systems [67]), further BaO addition leads to the formation of 
non-bridging oxygens, reducing network polymerisation, viscosity, and 
thermal stability, while enhancing the tendency toward crystallisation 
[68]. Therefore, the B2O3/BaO ratio was carefully tuned to control both 
viscosity and crystallisation behaviour, which are key factors for sealant 
densification and long-term performance.

Nevertheless, B2O3-rich glasses may undergo composition changes 
during melting, primarily due to volatilisation of borate-containing 
species and gas-phase association reactions [69]. Mass-spectrometric 
studies on multicomponent borosilicate glasses show that 
borate-derived species can dominate the vapour phase in B2O3-rich glass 
systems. Vapour speciation and partial pressures are governed by the 
oxide inventory and by acid–base interactions in the melt. These studies 
also indicate that low-volatility oxides, such as Al2O3 and alkaline-earth 
oxides (e.g., CaO), can decrease the relative volatility and modify the 
vapour speciation [70]. Volatilisation may therefore reduce composi
tional control during melting and shift the glass from its designed 
formulation, with potential implications for the thermo-mechanical and 
chemical properties required for reliable joining. For these reasons, the 
as-cast glasses were chemically verified by ICP-OES to quantify de
viations from the designed formulation. The results are summarized in 
Table 2 and are reported as relative deviations (Δ%) of the measured 
molar concentrations from the theoretical values to preserve formula
tion confidentiality.

As demonstrated by the ICP-OES analyses, no relevant compositional 
changes were detected in the cast glasses. All oxides showed only small 
relative deviations, which are mainly attributed to experimental un
certainties in precursor weighing and batch preparation. No significant 
B2O3 volatilisation was observed, as indicated by the minimal deviations 
for B2O3 (− 0.1% for GPC6 and − 0.5% for GPC7). These results confirm 
that the adopted melting and casting thermal treatment is suitable for 
investigating glass systems.

3.2. Powder processing

Fig. 2a and b compare the PSDs and representative SEM micrographs 
of GPC6 (both coarse and fine) and GPC7 (both coarse and fine), 

Table 2 
ICP-OES compositional analysis of the GPC6 and GPC7 glass systems, reported as 
relative deviations (Δ%) between measured and theoretical molar 
concentrations.

Oxide Δ% GPC6 Δ% GPC7

B2O3 − 0.1 − 0.5
SiO2 +1.8 +2.3
Al2O3 +3.0 +2.9
BaO − 2.3 − 0.1
CaO +0.5 +1.8
SrO − 1.1 − 0.5
ZnO - − 1.5
ZrO2 - − 2.1
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respectively.
With optimised powder processing, both systems exhibit a mono

modal PSD. This is important for comparing crystallisation kinetics and 
sintering/viscous-flow behaviour without the additional complexity of 
bimodal or strongly skewed distributions. As shown in Fig. 2, for both 
compositions, the fine fraction is shifted toward smaller particle sizes 
and shows a narrower distribution with shorter tails than the coarse 
fraction. This confirms the effectiveness of the additional wet-milling 
step. The SEM micrographs are consistent with the PSD results. Coarse 
powders contain larger, more angular particles and display a pro
nounced coarse tail. In contrast, fine powders are finer and more ho
mogeneous. The d10, d50, and d90 values, together with the SSA 
measured by nitrogen adsorption, are reported in Table 3.

Overall, the reduction in characteristic particle size from coarse to 
fine increases the SSA by a factor of approximately 6 for GPC6 and 
approximately 4 for GPC7, and is expected to enhance surface-driven 
phenomena [71]. The coarse fraction was targeted to match the 
PSD/SSA range required for screen-printing pastes [62], which is the 
deposition technique adopted in this work. The fine fraction was pro
duced as a contrasting morphology to quantify morphology-driven ef
fects on densification and crystallisation, and its PSD/SSA also falls 
within the typical range for robocasting or tape-casting inks [44]. 
Although these deposition techniques are not used here, the thermal 
analyses obtained for the fine powders remain directly applicable to 
joining process optimisation when sealant layers are deposited by 
robocasting or tape casting.

3.3. Sintering behaviour

Fig. 3a and b shows the shrinkage curves (A/A0, %) as a function of T 
(◦C) obtained by HSM analyses. The measurements were performed on 
GPC6-coarse and GPC6-fine (Fig. 3a) and on GPC7-coarse and GPC7-fine 
(Fig. 3b) glass pellets, on BZCY442 half-cell substrates. From these 
curves, the following characteristic temperatures were determined: (1) 
the first shrinkage temperature (Tfs) and (2) the maximum shrinkage 
temperature (Tms), corresponding to the onset of linear shrinkage and 
the temperature at which the maximum shrinkage is reached, 

respectively; (3) the softening temperature (Ts), at which the first evi
dence of softening is observed; (4) the sphere temperature (Tb) defined 
as the temperature at which the sample height equals the base width; (5) 
the half-sphere temperature (Thb) at which the sample height is half the 
base width; and (6) the flowing temperature (Tm), at which the sample 
height decreases to less than one-third of the base width [72]. Table 4
summarizes these characteristic temperatures for both glass systems.

From Fig. 3 and Table 4, GPC7 exhibits systematically higher char
acteristic temperatures than GPC6. This trend is consistent with the 
lower B2O3/SiO2 ratio of GPC7, which increases network connectivity 
and, consequently, glass viscosity [36]. Accordingly, Tfs and Tms are 
10–15 ◦C higher for GPC7 than for GPC6 for both powder fractions. The 
shift is more pronounced at softening, with Ts increasing by 15–20 ◦C 
from GPC6 to GPC7. For GPC7, positioning Ts 15–20 ◦C above the 
intended PCEC operating temperature (≈600 ◦C) is advantageous, as it 
limits viscous deformation during operation, thereby mitigating sealant 
squeeze-out and helping to preserve the seal geometry. Above the soft
ening point, where viscous flow becomes the dominant deformation 
mechanism, the divergence between GPC6 and GPC7 is largely governed 
by crystallisation. In the HSM profiles, crystallisation typically manifests 
as a plateau, indicating a transient reduction in glass flow as the effective 
viscosity increases due to crystal nucleation and growth within the 
glassy matrix [68]. In this respect, GPC6 displays a Tb about 20 ◦C lower 
than GPC7 and, crucially, reaches Thb before the crystallisation plateau 
(≈660–800 ◦C). Conversely, GPC7 reaches Thb after its crystallisation 
plateau (680–770 ◦C). This different sequence of viscous flow relative to 
crystallisation leads to a markedly higher Thb for GPC7, yielding an 
overall offset of ≈ 100 ◦C between the two compositions for both powder 
fractions. A swelling event around Tf is observed in the HSM curves of 
both powder fractions and is attributed to foaming driven by gas evo
lution (e.g., CO2 release) during heating [73]. Regarding the effect of 
powder morphology on sintering behaviour, the fine powders (i.e. 
higher SSA) exhibit greater shrinkage at a given temperature for both 
glass compositions. At Tms, the shrinkage is ≈ 30% for the coarse pow
ders and ≈ 40% for the fine powders for both GPC6 and GPC7, indicating 
that finer powders promote greater densification and a more compact 
microstructure. Consistently, the onset of densification shifts to lower 
temperatures for fine powders: Tfs and Tms decrease by 10–11 ◦C for 
GPC6 and by 6–7 ◦C for GPC7 when moving from coarse to fine powders. 
These reductions are consistent with the expected effect of increased 
SSA, which accelerates viscous-flow sintering kinetics in glass powder 
compacts [71]. Powder morphology also affects crystallisation, as 
shown in Fig. 3aand b by differences in the temperature at which the 
plateau begins for the two particle-size fractions. For GPC6, the plateau 
starts earlier for the fine fraction (≈ 660 ◦C) than for the coarse fraction 
(≈ 670 ◦C); these temperatures closely match Thb, and both plateaus 
terminate at similar temperatures (≈ 790 ◦C). In contrast, for GPC7 the 

Fig. 2. Particle size distributions (PSD) of the processed glass powders. (a) GPC6-coarse and GPC6-fine; (b) GPC7-coarse and GPC7-fine. Insets show representative 
SEM micrographs of the corresponding powder morphologies.

Table 3 
Particle size distribution parameters d10, d50,d90 and specific surface area (SSA) 
of the processed GPC6 and GPC7 glass powders. PSD values were obtained by 
static laser scattering, while SSA values were measured by nitrogen adsorption.

Composition d10 (μm) d50 (μm) d90 (μm) SSA (m2⋅ g− 1)

GPC6-fine 2.53 4.40 7.19 1.09
GPC6-coarse 6.24 14.25 43.36 0.17
GPC7-fine 1.92 3.51 6.10 1.39
GPC7-coarse 4.91 12.82 37.74 0.32
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plateau onset occurs around 690 ◦C for the fine fraction and around 
680 ◦C for the coarse fraction. However, the plateau is broader for fine 
powders, extending to higher temperatures than the corresponding 
coarse fraction. Overall, these trends indicate that crystallisation ki
netics are composition-dependent and further modulated by powder 
morphology.

Fig. 3c and d report the estimated apparent viscosity–temperature 
trends for GPC6 (Fig. 3c) and GPC7 (Fig. 3d), comparing coarse and fine 
powders. The approach proposed by Pascual et al. [72] was adopted to 
estimate the viscosity behaviour from fixed-viscosity points obtained by 
HSM. In particular, the characteristic temperatures associated with log 
(η) < 10 were fitted by determining the A, B, and T0 constants of the 
Vogel–Fulcher–Tammann (VFT) equation: 

log(η)=A +
B

T − T0
(1) 

The corresponding fitting parameters and R-square values are re
ported in Table 5.

It should be noted that this approach provides an indirect estimation 
of the viscosity–temperature dependence, rather than a direct viscosity 
measurement. Nevertheless, it is useful for comparing the relative 

viscous-flow behaviour of the investigated glass systems, particularly 
above the softening range, where the HSM-derived characteristic points 
are most representative [55,74]. Therefore, the estimated curves were 
used to support the interpretation of the HSM shrinkage profiles and to 
assess the influence of composition and crystallisation on the 
viscous-flow behaviour of GPC6 and GPC7. For GPC6, powder 
morphology has a limited impact on the estimated apparent viscosity at 
a given temperature, as the coarse and fine curves nearly overlap over 
the entire investigated range. In contrast, for GPC7, the fine powders 
show a higher apparent viscosity from ≈ 650 ◦C onward, consistent with 
a more pronounced crystallisation, which restricts viscous flow. More 
generally, GPC7 exhibits higher apparent viscosity than GPC6 at the 
same temperature. For instance, at 700 ◦C the estimated viscosity is ≈
103.4 Pa s for both powder fractions of GPC6, ≈ 104 Pa s for GPC7-fine, 
and ≈ 103.7 Pa s for GPC7-coarse. The estimated viscosity–temperature 
curves were finally used to support the identification of the processing 
window for the joining thermal treatment. To ensure adequate wetting 
while minimizing squeeze-out, the glass viscosity during joining should 
fall within approximately 104.5 – 103 Pa s [75], corresponding to 
640–720 ◦C for GPC6-fine and GPC6-coarse, 670–760 ◦C for GPC7-fine, 
and 660–730 ◦C for GPC7-coarse. Considering that 700 ◦C was identified 
as the maximum joining temperature to avoid interfacial instability at 
the electrolyte/glass interface, the effective processing windows were 

Fig. 3. HSM analysis of GPC6 and GPC7 fine and coarse powder compacts placed on NiO–SZCY541/BZCY442 half-cell substrates and heated in static air from 20 to 
300 ◦C at 10 ◦C⋅min− 1 and from 300 ◦C to the melting region at 2 ◦C⋅min− 1. (a) Shrinkage curves of GPC6-coarse and GPC6-fine. (b) Shrinkage curves of GPC7-coarse 
and GPC7-fine. (c) Estimated apparent log(η)–T curves for GPC6-coarse and GPC6-fine, obtained by fitting HSM-derived fixed-viscosity points. (d) Estimated 
apparent log(η)–T curves for GPC7-coarse and GPC7-fine, obtained by fitting HSM-derived fixed-viscosity points. The right inset shows representative HSM images 
corresponding to the characteristic temperatures.

Table 4 
HSM-derived characteristic temperatures of GPC6 and GPC7 fine and coarse 
powder compacts measured on NiO–SZCY541/BZCY442 half-cell substrates in 
static air.

Glass systems GPC6-fine GPC6-coarse GPC7-fine GPC7-coarse

Tfs (◦C) 535 545 548 554
Tms (◦C) 577 588 594 601
Ts (◦C) 595 597 615 620
Tb (◦C) 621 627 642 645
Thb (◦C) 661 670 775 750
Tf (◦C) 853 843 865 779

Table 5 
Fitting parameters and R-square values of the Vogel–Fulcher–Tammann (VFT) 
equation obtained from HSM-derived fixed-viscosity points for GPC6 and GPC7 
fine and coarse powders.

Glass system GPC6 – fine GPC6 – coarse GPC7 – fine GPC7 – coarse

A − 0.05 − 0.07 − 0.2 − 2.33
B 903.0 866.8 1169 2003
T0 (◦C) 426.8 441.8 409.3 364.1
R-square 0.941 0.936 0.97 0.967
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therefore restricted to 640–700 ◦C for GPC6-fine and GPC6-coarse, 
670–700 ◦C for GPC7-fine, and 660–700 ◦C for GPC7-coarse. These 
temperature windows were subsequently combined with the crystal
lisation analysis to define the joining process optimisation.

3.4. Crystallisation behaviour of the glass sealants

Fig. 4a and b presents DSC measurements for GPC6 and GPC7, 
respectively. From the DSC curves Tg, Tx, Tp were extracted at each 
heating rate. Tg was determined as the onset of the first endothermic 
transition (downward step). Tx and Tp were taken as the onset and the 
maximum of the exothermic peak (upward peak), respectively. The 
defined Tp were used for non-isothermal determination of crystallisation 
kinetic parameters. The simplest approach is the Kissinger method, 
where Tp is measured as a function of α with Eq. (2) [58]: 

ln

(
α
T2

p

)

=

(
− Eak

RTP

)

+ cost (2) 

Here, Eak is the apparent activation energy obtained by the Kissinger 
method. It describes the sensitivity of crystallisation to temperature. It is 
therefore an indicator of the tendency of a glass to crystallize under a 
given thermal profile (temperature - dwell time - heating rate). The plot 
of ln(α/Tp

2) versus 1/Tp should be linear and the slope yields Eak. How
ever, Eq. (2) is only valid when crystal growth occurs on a fixed number 
of nuclei. If nuclei form mainly during the DSC heating run, the number 
of nuclei changes with α. This occurs because the sample spends 
different amounts of time within the nucleation temperature range. 
Under these conditions, Eq. (2) may yield biased activation energies. In 
this case, the modified Kissinger Eq. (3) proposed by Matusita and Sakka 
is more appropriate [56]: 

ln

(
αn

T2
p

)

=

(
− mEa

RTP

)

+ cost (3) 

In Eq. (3), Ea is the apparent activation energy for crystallisation 
calculated by the Matusita–Sakka method. It is obtained by dividing the 
slope of the linear plot of ln(αn/Tp

2) versus 1/Tp by the parameter m. The 
parameter m depends on the dimensionality of crystal growth (e.g., one-, 
two-, or three-dimensional growth). The exponent n is the Avrami 
exponent. It reflects the combined nucleation and growth mechanism. It 
can be determined using the modified Ozawa relation [57]: 
(

d(ln ( − ln (1 − x)))
dlnα

)

T
= − n (4) 

where x is the crystallized volume fraction at a fixed temperature T. 
Here, x was calculated from the DSC exothermic peak as the ratio be
tween the partial area up to the selected temperature and the total peak 
area. The parameters m and n are related by the nucleation conditions. 
Specifically, m = n when crystallisation at different heating rates occurs 
on a fixed number of nuclei (site-saturated nucleation). In contrast, 
m = n − 1 when nucleation proceeds during the DSC run and the number 
of nuclei varies with the heating rate, typically decreasing as α increases.

All characteristic temperatures obtained from the DSC analyses are 
listed in Table 6. As shown in Fig. 4b, GPC7 exhibits two crystallisation 
peaks: peak 1 between 700 and 800 ◦C and peak 2 between 800 and 
900 ◦C. Only peak 1 is reported in Table 6 and used for subsequent 
analysis, as it falls within the temperature window relevant to the 
joining thermal treatment.

Tg of GPC6 and GPC7 is approximately 540 ◦C and 545 ◦C, respec
tively. Powder morphology does not significantly affect Tg, as it is pri
marily governed by glass composition rather than particle size or shape. 
Both Tg values are suitable for application as sealants in PCEC systems 
with a target operating temperature of approximately 600 ◦C. Operating 
above Tg promotes viscous flow of the residual glassy phase. This can 
enable self-healing of microcracks formed during operation [36].

As shown in Fig. 4aand b, Tp increases with α for both glass systems 
and for both powder fractions. This shift reflects the reduced time 

Fig. 4. DSC-based crystallisation kinetic analysis of GPC6 and GPC7 fine and coarse powders. DSC curves of (a) GPC6 and (b) GPC7 were collected at heating rates of 
5, 10, 20, and 30 ◦C⋅min− 1, using air as purge gas and N2 as protective gas. (c) Ozawa plots evaluated in the 730–760 ◦C range for GPC6 and in the 760–790 ◦C range 
for GPC7, used to determine the Avrami exponent, n. (d) Matusita–Sakka plots used to determine the apparent crystallisation activation energy (Ea) using m = n.
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available for nucleation and growth at higher heating rates [76]. For 
GPC6, the fine powders show lower Tp than the coarse powders at the 
same α. For GPC7, Tp values are very similar at low heating rates (α = 5 
and 10 ◦C⋅min− 1), with the fine fraction slightly higher than the coarse 
one. At higher heating rates (α = 20 and 30 ◦C⋅min− 1), the fine fraction 
shows lower Tp than the coarse fraction. In general, Tp depends on the 
total concentration of nuclei, including both surface and bulk nuclei. Tp 
decreases as the nuclei concentration increases. Therefore, both bulk 
and surface crystallisation can occur, although one mechanism may 
dominate. In these systems, reducing particle size increases the specific 
surface area and the density of surface nucleation sites. This shifts Tp to 
lower temperatures, which means predominantly surface-driven crys
tallisation for both GPC6 and GPC7. If the glass is not initially saturated 
with bulk nuclei, additional bulk nuclei can form during the DSC heating 
run. Their concentration is higher at slower heating rates, because the 
material spends more time in the temperature interval where nucleation 
is possible. The influence of bulk nucleation is expected to be stronger in 
larger particles, which provide a larger effective volume for internal 
nucleation. At low heating rates, powders with different particle sizes 
are therefore expected to become highly nucleated, thereby minimizing 
their differences in Tp. As the heating rate increases, bulk nucleation 
becomes less effective, particularly in larger particles, and the nuclei 
concentration in coarse powders is expected to decrease. Consequently, 
the difference in nuclei concentration between fine and coarse powders 
increases with heating rate. This explains why, for GPC7, Tp values for 
the fine and coarse fractions are almost identical at low α, whereas at 
higher α the fine powder shows lower Tp than the coarse powder [77].

Figure S1 (Supplementary Material) reports the Kissinger plot used 
to calculate the activation energy by the Kissinger method. Eak is 
282 kJ mol− 1 and 303 kJ mol− 1 for GPC6-fine and GPC6-coarse, 
respectively, and 262 kJ mol− 1 and 202 kJ mol− 1 for GPC7-fine and 
GPC7-coarse, respectively. Fig. 4c shows the Ozawa plots used to 
determine the Avrami exponent n. The n values are 0.88 and 1.43 for 
GPC6-fine and GPC6-coarse, respectively, and 0.84 and 0.95 for GPC7- 
fine and GPC7-coarse, respectively. Avrami exponents in the range 
0.5–1.5 are commonly associated with predominantly surface- 
controlled crystallisation [78]. These results support the previous 
interpretation that crystallisation in GPC6 and GPC7 is mainly 
surface-driven for both fine and coarse powders. The higher n values 
obtained for the coarse powders indicate a relatively larger bulk 
contribution compared with the fine fractions, while the overall crys
tallisation mechanism remains predominantly surface-driven [60]. In 
predominantly surface-controlled crystallisation of glass powders, 
crystallisation occurs mainly from pre-existing active sites at the particle 
surfaces, while the formation of new bulk nuclei during the DSC heating 

run is typically negligible. This is consistent with previous studies 
showing that surface crystallisation is primarily governed by particle 
size, crystal-growth morphology, and the density of active surface 
nucleation site [59,61]. Under these conditions, crystallisation can be 
approximated as site-saturated nucleation, where the number of active 
nuclei remains approximately constant during the DSC run; accordingly, 
the Matusita–Sakka parameters can be related as m = n [56]. Based on 
this assumption, the apparent activation energy was derived from the 
slopes of the Matusita–Sakka plots reported in Fig. 4d. The resulting Ea 
values are 279 kJ mol− 1 and 308 kJ mol− 1 for GPC6-fine and 
GPC6-coarse, respectively, and 259 kJ mol− 1 and 201 kJ mol− 1 for 
GPC7-fine and GPC7-coarse, respectively. All values are summarized in 
Table 7.

The two methods provide very similar activation energies for all 
samples. The relative deviations between Ea and Eak are − 1.06% for 
GPC6-fine, +1.65% for GPC6-coarse, − 1.15% for GPC7-fine, and 
− 0.50% for GPC7-coarse. GPC7 shows lower activation energies than 
GPC6 for both fine and coarse fractions. This indicates a higher tendency 
to crystallize under the same thermal conditions. The addition of 
nucleating agents such as ZnO and ZrO2 has been reported to decrease Ea 
[54], which is consistent with this trend. A different effect of powder 
morphology is observed for the two glass systems. In GPC6, Ea is lower 
for the fine powder than for the coarse one. Conversely, in GPC7, Ea is 
lower for the coarse powder than for the fine one. The difference may 
reflect different rate-limiting steps controlling crystallisation in the two 
systems [61].

To rationalize the differences, Ea was compared with the activation 
energy for viscous flow (Eη), which represents the apparent energy 
barrier associated with the structural rearrangements required for 
viscous flow and thus quantifies the temperature sensitivity of viscosity. 
Although Eη generally decreases with increasing temperature [59], it can 
be assumed constant over a limited temperature interval and estimated 
using an Arrhenius-type relationship: 

ln(η)=
(

Eη

RT

)

+ cost (5) 

where η is the viscosity at temperature T. Accordingly, Eη is obtained 
from the slope of a linear fit of ln(η) versus 1/T. When Ea ≈ Eη within the 
same temperature range, crystallisation kinetics are typically inter
preted as being largely controlled by diffusion/crystal growth coupled to 
viscosity [79]. Conversely, Ea > Eη indicates the presence of additional 
energetic barriers, most commonly associated with nucleation, 
contributing to the overall crystallisation rate. The Eη values for 
GPC6-fine, GPC6-coarse, GPC7-fine, and GPC7-coarse were estimated in 
the 700–800 ◦C interval using the viscosity values reported in Fig. 3. The 
corresponding ln(η) versus 1/T plots are provided in Figure S2 (Sup
plementary Material). For GPC6-coarse, Eη is 127 kJ mol− 1 while for 
GPC6-fine is 139 kJ mol− 1. This value is much lower than Ea. This in
dicates that diffusion and crystal growth by viscous flow are not the 
limiting factors for crystallisation rate in this temperature range. On the 
other hand, the strong shift of Tx with heating rate (Table 6) suggests 
that nucleation, rather than growth, controls the crystallisation rate 
[61]. This interpretation is consistent with the increase of n from 0.88 to 
1.43, indicating a stronger bulk contribution in the coarser powder. For 
GPC7, Eη calculated between 700 and 800 ◦C are 243 kJ mol− 1 and 

Table 6 
Tg, Tx, and Tp values of GPC6 and GPC7 fine and coarse glass powders obtained 
from DSC measurements performed at heating rates of 5, 10, 20, and 30 ◦C⋅min 
− 1, using air as purge gas and N2 as protective gas.

Glass system α (◦C⋅min− 1) Tg (◦C) Tx (◦C) Tp (◦C)

GPC6-fine 5 534 670 711
10 540 685 727
20 541 701 748
30 542 713 762

GPC6-coarse 5 535 689 718
10 540 702 734
20 542 720 753
30 545 726 766

GPC7-fine 5 539 707 745
10 543 726 765
20 547 730 782
30 548 739 805

GPC7-coarse 5 541 708 743
10 544 723 763
20 548 736 790
30 553 745 818

Table 7 
Apparent crystallisation activation energies obtained from the Kissinger method, 
Eak, and from the Matusita–Sakka method, Ea, together with the Avrami expo
nent, n, and the crystal growth parameter, m.

Glass system Eak (kJ⋅mol− 1) Ea (kJ⋅mol− 1) n m

GPC6-fine 282 279 0.88 0.88
GPC6-coarse 303 308 1.43 1.43
GPC7-fine 262 259 0.84 0.84
GPC7-coarse 202 201 0.95 0.95
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290 kJ mol− 1 for fine and coarse powder, respectively. These values are 
close to, and slightly higher than, Ea. This indicates that crystallisation is 
more strongly coupled to viscous flow. In this system, diffusion and 
crystal growth controlled by viscous flow are therefore expected to play 
a major role in the overall crystallisation rate [61].

Overall, these insights into nucleation and growth mechanisms, 
combined with the sintering behaviour, are very important and provide 
a solid basis for optimisation of the joining process. On the one hand, the 
formation and growth of crystalline phases during the thermal treatment 
influence glass densification and viscous flow, thereby directly affecting 
gas tightness and the final seal geometry, including width and thickness. 
On the other hand, controlling the final degree of crystallisation of the 
glass sealant after joining is essential, as it governs the CTE evolution, 
mechanical integrity, thermal stability, and the ability of the residual 
glassy phase to relax stresses. Furthermore, it is crucial to identify 
whether crystallisation is predominantly surface- or bulk-controlled 
because different powder morphologies and particle-size distributions 
lead to different nucleation site densities and, therefore, different crys
tallisation extents under an identical thermal profile. Consequently, the 
same glass composition may develop different viscous flow behaviour 
and post-joining microstructures when subjected to the same thermal 
treatment, depending on whether it is processed into powders with 
morphologies tailored to different deposition techniques, which in turn 
govern the final mechanical properties of the glass and its ability to 
accommodate thermally induced stresses.

3.5. Joining process optimisation

Fig. 5a–d shows the XRD patterns and dilatometry curves of GPC6- 
coarse and GPC7-coarse after the joining thermal treatments, in order 
to assess the effect of the selected joining thermal profiles on crystal
linity evolution and on the CTE and Td responses, for joining process 

optimisation.
For GPC6-coarse (Fig. 5a), no crystalline phases are detected after 

any joining thermal treatments, and the glass remains fully amorphous. 
For GPC7-coarse (Fig. 5c), the amorphous structure is preserved after 
660 ◦C-30 min, whereas partial devitrification is observed after 680 ◦C- 
30 min and becomes more pronounced after 690 ◦C-30 min, where 
β–BaB2O4 (ICDD 01-085-0914) is identified. This phase has been pre
viously reported in similar borate-rich glass systems [66,80]; its for
mation is consistent with the surface-controlled crystallisation inferred 
from the kinetic analysis. The higher devitrification of GPC7-coarse 
compared with GPC6-coarse is consistent with the higher peak tem
peratures applied to GPC7-coarse (closer to Tx) and with its lower Ea, in 
agreement with the trends discussed in the previous section.

Table 8 reports the CTE values calculated by linear fitting of the 
dilatometric strain curves between 100 and 500 ◦C, together with the 

Fig. 5. Crystallinity evolution and dilatometric response of GPC6-coarse and GPC7-coarse after the selected joining thermal treatments. (a) XRD patterns of GPC6- 
coarse treated at 640, 650, and 670 ◦C for 30 min. (b) XRD patterns of GPC7-coarse treated at 660, 680, and 690 ◦C for 30 min. (c) Dilatometry curves of GPC6-coarse 
after the corresponding thermal treatments, measured from room temperature to the softening region at 5 ◦C⋅min− 1 in static air. (d) Dilatometry curves of GPC7- 
coarse after the corresponding thermal treatments, measured from room temperature to the softening region at 5 ◦C⋅min− 1 in static air.

Table 8 
Coefficient of thermal expansion (CTE) values of GPC6 and GPC7 before and 
after the selected joining thermal treatments, calculated by linear fitting of the 
dilatometric strain curves in the 100–500 ◦C range. The corresponding R-square 
values are reported as an indicator of fit linearity. The literature CTE values of 
AISI 441 and BZCY442 are included for comparison.

Material Joining thermal profile CTE (100-500 ◦C) R-square

GPC6 after casting - 11.6 × 10− 6 K− 1 0.99
GPC6 - coarse 640 ◦C – 30 min 11.6 × 10− 6 K− 1 1

650 ◦C – 30 min 11.3 × 10− 6 K− 1 1
670 ◦C – 30 min 11.5 × 10− 6 K− 1 1

GPC7 after casting - 10.4 × 10− 6 K− 1 1
GPC7 - coarse 660 ◦C – 30 min 10.7 × 10− 6 K− 1 0.98

680 ◦C – 30 min 10.6 × 10− 6 K− 1 0.99
690 ◦C – 30 min 11.3 × 10− 6 K− 1 0.96

AISI 441 - 11 × 10− 6 K− 1 -
BZCY442 - 10.9 × 10− 6 K− 1 -
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corresponding R-square values used to assess fit linearity and CTE reli
ability. The literature CTE values of AISI 441 [30] and BZCY442 [81] are 
included for comparison.

The CTE of GPC6 and GPC7 after casting, evaluated between 100 and 
500 ◦C, is 11.6 × 10− 6 K− 1 and 10.4 × 10− 6 K− 1, respectively. For GPC6- 
coarse (Fig. 5c), the CTE between 100 and 500 ◦C remains nearly con
stant at 11.3–11.5 × 10− 6 K− 1 across all thermal profiles, consistent with 
a fully amorphous structure. For GPC7-coarse (Fig. 5d), the CTE between 
100 and 500 ◦C is 10.7 × 10− 6 K− 1 after 660 ◦C-30 min and 680 ◦C- 
30 min, and increases to 11.3 × 10− 6 K− 1 after 690 ◦C-30 min. This 
variation correlates with the higher crystalline fraction formed at 
690 ◦C. The reported CTE of β-BaB2O4 is ≈3 × 10 10− 6 K− 1 along the a 
and b directions and ≈45 × 10− 6 K− 1 along the c direction [82], which 
contributes to the increase of the effective CTE of the glass–ceramic as 
crystallisation progresses. The slightly lower R-square value obtained for 
GPC7-coarse treated at 690 ◦C-30 min (R-square = 0.96) reflects the 
moderate deviation from linearity observed in the 100–500 ◦C fitting 
range. Nevertheless, this value remains sufficiently high to support the 
reliability of the calculated CTE. From the dilatometric curves, the 
dilatometric Tg is identified as the onset of the peak, while Td corre
sponds to the peak maximum. Td marks the deviation from linear elastic 
behaviour and the onset of progressive loss of rigidity and deformability. 
It is therefore associated with glass softening in a higher-viscosity 
regime (≈1011 Pa⋅s) compared with Ts determined by HSM 
(≈108 Pa⋅s) [55]. The dilatometric Tg values (535 ◦C for GPC6-coarse 
and 545 ◦C for GPC7-coarse, respectively) are in good agreement with 
DSC results and remain unchanged after the different joining thermal 
treatments. The Td of GPC6-coarse remains approximately 560 ◦C across 
all thermal profiles. In contrast, the Td of GPC7-coarse increases from 
about 575 ◦C after 660 ◦C-30 min to 585 ◦C after 680 ◦C-30 min, and to 
approximately 610 ◦C after 690 ◦C-30 min. This increase follows the 
progressive formation of β–BaB2O4 and indicates an extension of the 
linear elastic behaviour temperature range of the GPC7-coarse glass
–ceramic, as also reported for other glass–ceramic systems [38,83,84].

Overall, the thermal treatments applied to GPC6-coarse do not 
induce significant changes in either crystallisation behaviour or CTE. In 
contrast, for GPC7-coarse, the 690 ◦C-30 min treatment induces partial 
crystallisation while preserving a residual amorphous fraction. This 
microstructural evolution is sufficient to shift the CTE toward values 
more compatible with AISI 441 ≈ 11–12 × 10− 6 K− 1 and BZCY442 
perovskite in dry state 10.9 × 10− 6 K− 1 [81], while simultaneously 
increasing Td. Moreover, it is expected to reduce viscous deformation 
and increase mechanical stability at high temperatures [85]. Based on 
that, 690 ◦C-30 min was selected as the fixed thermal profile for GPC7 in 
the second optimisation step. For comparison, 670 ◦C-30 min was 
selected as the fixed thermal profile for GPC6, corresponding to the 
highest peak temperature investigated in the first set.

Leakage tests were performed to evaluate the gas tightness of all 
symmetric samples, and the corresponding He leakage rates 
(mbar⋅L⋅s− 1) are reported in Table 9.

Among the investigated conditions, GPC6-coarse sample joined at 
640 ◦C-30 min under 0.02 MPa shows a gas leakage rate of 
1 × 10− 7 mbar L s− 1. All the other samples exhibit gas leakage rates 
<1 × 10− 9 mbar L s− 1, below the detection limit of the instrument. 
Although these measurements do not represent high-temperature 
leakage rates under operating conditions, they provide evidence of 
effective sealing after joining and are consistent with preliminary gas- 
tightness requirements for PCC/SOC sealing [40,86]. Within the inves
tigated ranges, no systematic effect of peak joining temperature or 
applied pressure is observed. These results indicate excellent wettability 
of both GPC6-coarse and GPC7-coarse at peak joining temperatures 
<700 ◦C. To the best of the authors’ knowledge, gas-tightness data for 
glass sealants specifically developed for PCEC integration are absent. For 
the glass-sealant systems developed for SOC application, tested with the 
same measurement set-up, leakage rates <1 × 10− 9 mbar L s− 1 have 
been reported for an SrO-MgO-B2O3-SiO2 glass joined for 10 h at 850 ◦C 
under 0.02 MPa in metal/glass/metal assemblies using Crofer 22 APU as 
the metallic counterpart [37]. Similarly, a BaO–CaO–SiO2–B2O3 glass 
developed for joining SrTi0.75Fe0.25O3-δ (STF25) oxygen transport 
membranes to Aluchrom achieved leakage rates <1 × 10− 9 mbar L s− 1 in 
metal/glass/metal joined samples after a 10 h treatment at 850 ◦C under 
~0.02 MPa [87]. Compared with these systems, the GPC6-coarse and 
GPC7-coarse sealants achieve comparable gas-tightness at significantly 
lower joining temperatures and shorter dwell times, which are advan
tageous for minimizing interfacial reactions and reducing thermo
mechanical mismatch during PCEC assembly, and support their 
suitability for SRU-level integration.

Fig. 6 reports the evolution of the final sealant width and thickness of 
the symmetric joined samples. Fig. 6a shows the sealant width and 
thickness for samples assembled with GPC6–coarse and GPC7–coarse as 
a function of peak joining temperature, at a fixed pressure of 0.02 MPa 
and a dwell time of 30 min. Fig. 6b displays the final sealant width and 
thickness as a function of the applied joining pressure, using fixed 
thermal profiles of 670 ◦C-30 min for GPC6–coarse and 690 ◦C-30 min 
for GPC7–coarse. The corresponding micro-CT reconstructions are 
shown in Figures S3 and S4 (Supplementary Material).

The final sealant dimensions result from the combined effects of 
organic burn-out of the screen-printed green tape, volumetric shrinkage 
during glass sintering, viscous flow, and deformation induced by the 
applied load during joining. All samples were produced using the same 
screen-printing paste composition. Therefore, for a given glass compo
sition, the contributions from organic burn-out and intrinsic sintering 
shrinkage are comparable across the investigated conditions. The anal
ysis thus isolates the effects of peak joining temperature and applied 
pressure on the control of the final sealant geometry. For GPC6-coarse 
(Fig. 6a), increasing the peak joining temperature at fixed pressure 
leads to a progressive decrease in final thickness and a corresponding 
increase in final width, consistent with enhanced viscous flow. At 670 ◦C 
for 30 min, the average width is approximately 7.5 mm. The associated 
increase in standard deviation indicates pronounced sealant spreading 
and reduced control of the circular-ring geometry. Under the same 
conditions, a minimum thickness of about 150 μm is achieved, matching 
that of the 3YSZ spacers. For GPC7-coarse (Fig. 6b), increasing the peak 
temperature from 660 ◦C to 680 ◦C results in an increase in final width 
and a decrease in thickness, again consistent with enhanced viscous 
flow. At 680 ◦C for 30 min, the sealant reaches a 3YSZ spacer thickness 
of 150 μm. In contrast, at 690 ◦C-30 min, an inversion of this trend is 
observed. The final width decreases, while the thickness increases 
relative to the 680 ◦C condition. This behaviour is attributed to the onset 
of crystallisation in GPC7-coarse, which hinders viscous flow and en
ables improved control of the final sealant geometry. A direct compar
ison of the deformation trends indicates that, under the same 
temperature and pressure, GPC6-coarse would exhibit a higher tendency 
to spread than GPC7-coarse. This is consistent with the higher Ts and Td 
measured for GPC7-coarse by HSM and dilatometry. For both GPC6- 
coarse and GPC7-coarse, increasing the joining pressure at a fixed 

Table 9 
Room-temperature helium leakage rates of symmetric metal/glass/metal joined 
samples after the corresponding joining thermal treatments. Measurements were 
performed using a helium leak detector under a 1 bar pressure difference.

Composition Joining thermal 
profile

Joining pressure 
(MPa)

He leakage rates 
(mbar⋅L⋅s− 1)

GPC6- 
coarse

640 ◦C – 30 min 0.02 1 × 10− 7

650 ◦C – 30 min 0.02 <1 × 10− 9

670 ◦C – 30 min 0.02 <1 × 10− 9

670 ◦C – 30 min 0.01 <1 × 10− 9

670 ◦C – 30 min 0.005 <1 × 10− 9

GPC7- 
coarse

660 ◦C – 30 min 0.02 <1 × 10− 9

680 ◦C – 30 min 0.02 <1 × 10− 9

690 ◦C – 30 min 0.02 <1 × 10− 9

690 ◦C – 30 min 0.01 <1 × 10− 9

690 ◦C – 30 min 0.005 <1 × 10− 9
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thermal profile promotes sealant spreading, resulting in larger final 
width and lower final thickness (Fig. 6b). No inversion of the trend is 
observed. At constant temperature, the applied pressure levels do not 
induce additional crystallisation phenomena, and the deformation re
mains mainly controlled by viscous flow and load. For GPC6-coarse 
treated at 670 ◦C-30 min, reducing the joining pressure to 0.005 MPa 
improves geometry control, yielding a thickness of approximately 
200 μm and a width of about 7 mm, with low dispersion. For 
GPC7–coarse treated at 690 ◦C-30 min, the most stable geometry is 
obtained at 0.01 MPa, with a thickness of approximately 200 μm and a 
width of about 6.5 mm. These peak temperatures and joining pressures 
were therefore selected as the optimised conditions in terms of geo
metric control, particularly because they yield a final sealant thickness 
of ≈ 200 μm, which is consistent with values typically considered 
practical in SOCs stack assembly [63].

Fig. 7 shows the micro-CT reconstructions of the asymmetric and 
symmetric joined samples produced under the optimised conditions of 
670 ◦C for 30 min under 0.005 MPa for GPC6-coarse and 690 ◦C for 
30 min under 0.01 MPa for GPC7-coarse. In all samples, the sealant 
maintains a regular geometry, with no marked asymmetries associated 
with excessive spreading. The sealant layer appears continuous and 

crack-free, with no detectable porosity. The slight non-coaxiality be
tween the tape and the hole in the metal plate observed in the symmetric 
joined samples is attributed to manual sample assembly and does not 
compromise their functionality.

Gas tightness was further assessed by pressure-drop measurements 
on the asymmetric joined samples. After 5 min, pressure decreased by 
1.8 mbar (GPC6-coarse) and 2.1 mbar (GPC7-coarse), confirming a low 
leakage rate and an effective hermetic seal. These results support the 
structural integrity of the samples and indicate excellent wetting and 
adhesion of the designed borate-rich glasses to the BZCY442 electrolyte 
when joined at temperatures below 700 ◦C.

Fig. 8 presents SEM cross-sections and EDS analyses of the GPC6- 
coarse asymmetric sample joined at 670 ◦C-30 min under 0.005 MPa 
and of the GPC7-coarse asymmetric sample joined at 690 ◦C-30 min 
under 0.01 MPa.

Fig. 8a shows the AISI 441/GPC6-coarse interface, while Fig. 8e 
shows the GPC6-coarse/BCZY442 interface. The glass shows good 
adhesion and continuity at both the electrolyte and interconnect in
terfaces. The sealant is dense and crack-free, and no relevant residual 
porosity is observed in the analysed cross-sections. This microstructure 
is consistent with the extremely low He gas leakage rates measured for 
the corresponding symmetric joined samples. Fig. 8b and c shows the 
EDS maps of Fe and Cr, respectively. Within the spatial resolution of 
EDS, no detectable Fe or Cr diffusion from AISI 441 into the glass is 
observed after joining. Although BCZY442 contains Ba, the electrolyte 
appears darker in Fig. 8f because the EDS contrast is relative and was 
adjusted to emphasise Ba-depleted crystalline regions within the Ba-rich 
glass.

In Fig. 8a and e, needle-shaped features with darker contrast are 
present within the glass matrix. These features are attributed to crys
talline phases formed during the joining thermal treatment. Their den
sity increases toward the glass/BCZY442 interface (Fig. 8e), indicating 
preferential crystallisation near the electrolyte surface. No crystalline 
phases are detected by XRD on the same thermal treated GPC6-coarse 
powders (Fig. 5a), which reflect an amount below the XRD detection 
limit (<5 wt%) [88]. However, the local EDS maps indicate a distinct 
composition for the needle-shaped phase. The Ba signal is reduced 
(Fig. 8d), while Si and Ca are enriched (Fig. 8f–h). This compositional 
partitioning suggests the formation of a Ca–silicate phase. No micro
structural evidence of interfacial instability or interdiffusion is observed 
at the glass/BZCY442 interface within the resolution of the SEM/EDS 
analyses. This indicates good chemical compatibility under the selected 
joining conditions and suggests that the applied thermal profile does not 
trigger detrimental interfacial reactions. The small bright inclusions 
occasionally observed in Fig. 8a at the glass/AISI 441 interface are 
attributed to polishing artefacts caused by local dragging of metallic 

Fig. 6. Final sealant geometry of symmetric metal/glass/metal joined samples evaluated by micro-CT after joining in static air. (a) Sealant width and thickness of 
GPC6-coarse and GPC7-coarse samples as a function of peak joining temperature, using a fixed joining pressure of 0.02 MPa and a dwell time of 30 min. (b) Sealant 
width and thickness as a function of applied joining pressure, using fixed thermal treatments of 670 ◦C for 30 min for GPC6-coarse and 690 ◦C for 30 min for 
GPC7-coarse.

Fig. 7. Top-view micro-CT reconstructions of symmetric and asymmetric 
joined samples fabricated under optimised joining conditions in static air. (a) 
Symmetric and (b) asymmetric samples assembled with GPC6-coarse at 670 ◦C 
for 30 min under 0.005 MPa. (c) Symmetric and (d) asymmetric samples 
assembled with GPC7-coarse at 690 ◦C for 30 min under 0.01 MPa. Yellow 
arrows indicate the sealant layer, while red arrows indicate the half-cell. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)
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fragments during sample preparation, with no evidence of associated 
interdiffusion or interfacial degradation.

Fig. 8i shows the AISI 441/GPC7-coarse interface, while Fig. 8o 
shows the GPC7-coarse/BZCY442 interface. Also in this case, the glass 
shows good adhesion and continuity at both interfaces. The sealant is 
dense and crack-free, with no relevant residual porosity observed, 
consistent with the corresponding symmetrically joined samples. Fig. 8l 
and m shows the EDS maps of Fe and Cr, respectively. Again, within the 
spatial resolution of EDS, no detectable Fe or Cr diffusion from AISI 441 
into the glass is observed after joining. Although BCZY442 contains Ba, 
the electrolyte in Fig. 8r appears darker because the Ba signal is stronger 
in the glass, resulting in a lower relative contrast in the electrolyte.

Compared with GPC6-coarse, GPC7-coarse exhibits a higher degree 
of crystallisation, with a more homogeneous distribution of crystalline 
features within the glass matrix and no evident preferential formation at 
the interfaces. This is consistent with the identification of β–BaB2O4 by 
XRD. The EDS maps indicate that the crystalline phase is depleted in Zn 
(Fig. 8p) and Al (Fig. 8q), while no significant Ba depletion is observed 
between the glass matrix and the crystalline regions (Fig. 8n and r). Also, 
for GPC7-coarse, no microstructural evidence of interfacial instability or 
interdiffusion is observed at the glass/BZCY442 interface within the 
SEM/EDS resolution, confirming chemical compatibility under the 

selected joining conditions. Overall, both GPC6-coarse and GPC7-coarse 
retain a significant residual amorphous fraction after joining, which is 
higher for GPC6-coarse than for GPC7-coarse. The presence of a 
continuous glassy phase is relevant for sealant operation, as it can 
support self-healing under PCEC conditions. This aspect is particularly 
important in the presence of combined thermo-mechanical stresses from 
CTE mismatch and additional stresses associated with perovskite 
chemical expansion upon hydration.

4. Conclusions

Developing reliable sealing solutions for the integration of large-area 
proton conducting electrolysis cells (PCECs) remains a major techno
logical challenge for scale-up. In this work, two innovative borate-rich 
glass sealants were developed and systematically investigated for the 
integration of NiO-SZCY/BZCY442 PCEC half-cells with AISI 441 
metallic interconnects. The proposed formulations belong to the 
B2O3–BaO–Al2O3–CaO–SrO–SiO2 system and to the B2O3 
–BaO–SiO2–Al2O3–CaO–SrO–ZnO–ZrO2 system. Both compositions were 
tailored to provide viscous compliance at PCEC operating temperatures 
(500–600 ◦C) while enabling joining below 700 ◦C to limit interfacial 
reactivity. A comprehensive thermal and kinetic analysis, performed on 

Fig. 8. Post-mortem SEM–EDS analysis of cross-sections of asymmetric ceramic/glass/metal joined samples fabricated under optimised joining conditions. Panels 
(a–h) refer to the sample joined with GPC6-coarse at 670 ◦C for 30 min under 0.005 MPa; panels (i–r) refer to the sample joined with GPC7-coarse at 690 ◦C for 
30 min under 0.01 MPa. (a) SEM micrograph of the AISI 441/GPC6-coarse interface; (b–d) corresponding EDS maps of Fe, Cr, and Ca. (e) SEM micrograph of the 
GPC6-coarse/BZCY442 interface; (f–h) corresponding EDS maps of Ba, Si, and Ca. (i) SEM micrograph of the AISI 441/GPC7-coarse interface; (l–n) corresponding 
EDS maps of Fe, Cr, and Ba. (o) SEM micrograph of the GPC7-coarse/BZCY442 interface; (p–r) corresponding EDS maps of Zn, Al, and Ba.
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both fine and coarse powder fractions, enabled a detailed evaluation of 
densification, viscous flow, and crystallisation behaviour. Both glasses 
exhibited high densification and sufficient viscous flow within the tar
geted joining window, ensuring effective wetting and consolidation of 
the sealing interfaces. Crystallisation was predominantly surface- 
controlled in both systems; however, the ZnO–ZrO2-containing glass 
exhibited a lower crystallisation activation energy (201–259 kJ mol− 1) 
than the ZnO–ZrO2-free formulation (279–308 kJ mol− 1), indicating a 
higher crystallisation tendency. Based on these results, the joining pro
cess was optimised by systematically tuning peak temperature and 
applied pressure. Symmetric metal/glass/metal joined samples 
(50 mm × 50 mm) fabricated under optimised conditions exhibited 
excellent control of sealant geometry together with outstanding gas- 
tightness, with measured He leakage rates <1 × 10− 9 mbar⋅L⋅s− 1. The 
most reliable joining conditions were identified as 670 ◦C for 30 min 
under 0.005 MPa for the ZnO–ZrO2-free glass and 690 ◦C for 30 min 
under 0.01 MPa for the ZnO–ZrO2-containing formulation. The same 
joining protocols applied to ceramic/glass/metal assemblies with 
30 mm-diameter half-cells yielded similarly promising results, with 
pressure drops below 2 mbar after 5 min and a final sealant thickness of 
approximately 200 μm. Post-mortem analyses confirmed dense, crack- 
free interfaces with strong adhesion and good chemical compatibility. 
Overall, these results demonstrate that properly designed borate-rich 
glass sealants enable rapid joining at relatively low temperatures, 
delivering excellent wetting and hermetic sealing, even in the presence 
of predominantly surface-driven crystallisation (more pronounced for 
the ZnO–ZrO2-containing system). Although glass sealants for PCEC 
have been previously reported, sealants of this type and equally sys
tematic joining optimisation supported by quantitative gas-tightness 
validation remain scarce, underscoring the relevance of this work for 
reliable intermediate-temperature PCEC sealing and future SRU-level 
integration. Long-term ageing and thermal-cycling tests under PCEC- 
relevant operating conditions will be performed in future work to 
assess the thermal stability, crystallisation evolution, and sealing dura
bility of the developed glass systems.
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