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1 | INTRODUCTION

Alessandro Benelli'’ | Monica Ferraris' |
Fabio Vivenzio’ | Rebecca Napolitano?
Abstract

This study investigates the soldering process for joining silicon nitride (Si3Ny),
a commonly used ceramic, to Invar42, a low thermal expansion alloy. The focus
lies on analyzing interfacial reactions and evaluating the bonding performance of
the Siz;N,—Invar42 joint. Field emission scanning electron microscopy (FESEM)
and energy-dispersive X-ray spectroscopy (EDS) were employed to examine the
microstructure, elemental distribution, and chemical composition of the interfa-
cial region. The results underscore the critical role of interfacial reaction layers
in the soldering process. Mechanical testing (single lap offset, SLO, lap shear
tests) was conducted to assess the bonding strength and mechanical integrity of
the soldered joints. Furthermore, the thermal stability and reliability of these
joints were evaluated through SLO tests at 300°C. This study contributes to
the advancement of a user-friendly, pressureless, localized heating and field-
deployable technique for soldering Siz;N, to Invar42, thereby facilitating the
fabrication of advanced engineering systems in industrial environments.
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wear resistance, and a low thermal expansion coefficient.
These characteristics make it suitable for use in high-

The successful integration of dissimilar materials is of
paramount importance in various engineering applica-
tions. Joining silicon nitride (SizN,), a widely used ceramic
material, to Invar42, a low thermal expansion alloy,
presents unique challenges due to the stark differences in
their material properties.

Si3Ny is a versatile advanced ceramic widely employed
in automotive and aerospace engineering, where com-
ponents must withstand extreme thermal and mechani-
cal loads—for example, in turbochargers, fuel injectors,
and exhaust gaskets. It exhibits a high melting point,
excellent electrical and thermal conductivity, acid and

temperature, high-strength environments.! Its potential in
structural applications, such as engine and cutting tools,
is well established due to its mechanical robustness and
thermal stability.

In contrast, Invar42 is a 42% nickel-iron controlled
expansion alloy, renowned for its extremely low coeffi-
cient of thermal expansion (CTE) at room temperature
(~2 x 107 K~1). However, its CTE increases significantly
at elevated temperatures, complicating joint design with
ceramics. Despite this, Invar42 is valued for its dimen-
sional stability and has found applications in aerospace,
instrumentation, and solar energy systems. Its thermal
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conductivity and relatively high melting point further
enhance its attractiveness for components subjected to
variable thermal loads.

The joining of Si;N, to Invar42 has been attempted via
conventional methods such as brazing, soldering, and dif-
fusion bonding, often with systematic parameter optimiza-
tion. However, most studies reveal that substantial chal-
lenges remain, primarily due to poor wettability of Si;N,
and CTE mismatch between the ceramic and the metal.?
A foundational review by Peteves et al.> highlighted the
technical limitations of Si;N, joint performance in high-
temperature environments. Although significant progress
has since been made,*"'® their warning—that much work
is still needed for hot-stressed applications—remains par-
tially valid today. Despite various joining attempts with
metals (stainless steel, superalloys, Ni-, Mo-based alloys),
poor wetting and thermo-mechanical incompatibility con-
tinue to impede joint reliability. A comprehensive review
by Singh and Asthana'® explored two decades of Si;Ny-
metal joining research using braze interlayers with lig-
uidus temperatures ranging from 750°C-1240°C. Notably,
active brazes—incorporating elements like Ti—emerged
as critical for achieving wetting and bonding to SizNy.
Active brazes such as Cu-ABA demonstrated success due
to chemical reactivity at the ceramic interface. While stress
compensation via pure Cu interlayers has shown promise,
it adds complexity and may not fully mitigate thermal
mismatch stresses. One of the earliest studies address-
ing SizN4-Invar bonding was conducted by Suganuma
et al.,” who used an aluminum interlayer above its melt-
ing point. The resulting intermetallic layers at the Al-Invar
interface offered mechanical strengths of 150-200 MPa.
However, the method was limited by crack formation
in the intermetallic layers and lacked evidence of ther-
mal stability, which is essential for practical applications.
The necessity of precise control over bonding tempera-
ture and time further reduces its scalability. More recent
efforts by Wang et al.?! introduced a three-layer brazing
structure (AgCuTi+TiN particles/Cu/AgCu), where TiN
particles reduced CTE mismatch and a Cu layer accom-
modated residual stress. This approach achieved a high
shear strength (256 MPa) and significant reduction in
residual stress, supported by FE modeling. However, the
complexity of this layered system may limit its indus-
trial feasibility, especially in cost-sensitive applications.?”
A similar strategy using Cu-Ti filler alloys was pro-
posed in Sun et al.,'® where Ti served as the reactive
element to form TiN and TisSi; at the interface. How-
ever, the decomposition of Si;N, and formation of brittle
phases may compromise long-term mechanical reliabil-
ity. To address CTE mismatch, Shirzadi et al.>* proposed
using metallic foams as buffer layers. These structures
accommodate stress through their porous architecture

and have demonstrated resilience under thermal cycling.
Guo et al.?* applied this strategy with AgCuTi and Ni
foam for Si;Ny-Invar joining. Although the foam reacted
with the filler, its core structure remained, contributing
to a robust bond and shifting fracture modes away from
the ceramic. This strategy presents a promising compro-
mise between mechanical strength (180 MPa) and thermal
cycling resistance.”> An alternative to foams is the use of
metallic multilayers,”®%® designed to tailor the interfacial
stress response by adjusting the CTE and yield strength
gradient. While still under development, multilayer sys-
tems hold promise for fine-tuning joint behavior, but the
temperatures involved cannot completely avoid stress con-
centrations. Additionally, the complexity of the multilayer
process might be difficult to scale up.

Recent investigations into the joining of silicon nitride
(SizN,) ceramics to Invar 42 alloys have introduced two dis-
tinct approaches: one utilizing a molybdenum (Mo) mesh
interlayer, and another incorporating a hybrid Mo mesh
and copper (Cu) foil configuration. In Zhao et al.* vac-
uum brazing at 880°C with Ag27.5Cu4.5Ti filler yielded
robust metallurgical bonding characterized by the forma-
tion of TiN and TisSi; phases at the ceramic interface.
The introduction of a Cu foil interlayer significantly
enhanced joint performance, increasing shear strength
from 191.7 MPa to 235.5 MPa. This improvement was
attributed to the suppression of brittle Fe,Ti and Ni;Ti
intermetallics at the Invar interface, facilitated by the Cu
foil’s role in promoting plastic deformation and mitigat-
ing residual stresses. Complementary findings from Salvo
et al.*Y employing Ag-Cu-In-Ti filler with a Cu foil inter-
layer corroborated the mechanical benefits of interlayer
engineering. The multi-layer configuration disrupted the
continuity of deleterious intermetallic phases and redis-
tributed stress concentrations, resulting in an 82% increase
in shear strength compared to joints formed with a single-
layer filler. Active brazing with intermediate or compliant
layers (e.g., Cu or foams or meshes) appears most effec-
tive in mitigating thermal mismatch and achieving strong
joints. However, the processing complexity, high temper-
atures, and limited long-term data remain barriers to
practical application.

In summary, the literature demonstrates a broad range
of approaches for joining Si;N, to metals, including
Invar42 and joining methods can be broadly compared
by considering mechanical performance, processing cost,
and scalability: structural adhesives offer the lowest
cost and easiest scalability with moderate strength but
generally lack thermal stability; high-temperature meth-
ods such as active metal brazing and transient liquid
phase (TLP) bonding achieve the highest mechanical
strengths, frequently exceeding 100 MPa shear strength,
due to formation of reactive interfacial phases and strong
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metallurgical bonds.* '* ?* These techniques require vac-
uum or controlled atmospheres, high processing temper-
atures (often > 800°C), and precise control of interlayer
chemistry, which increase equipment costs and limit
scalability and localized joining.

It is also noteworthy that most successful joining strate-
gies rely, in some cases, external pressure or surface
modification.”® These requirements may be incompati-
ble with thermally sensitive components or cost-effective
manufacturing. In contrast, active solders like S-Bond™
enable low-temperature (<450°C), flux-free, and local-
ized joining, offering moderate mechanical strength and
good hermeticity, while significantly reducing thermal
stress and energy consumption.*’ These features make
active solders attractive for temperature-sensitive or com-
plex geometries but often require surface modification or
interlayers to reach strengths competitive with brazing.
Notably, few studies directly address the long-term stability
of SizN,-Invar joints, and only a handful explore scal-
able or cost-effective routes. Therefore, further research is
required to develop joining techniques that:

* Operate at moderate temperatures to reduce energy
input and residual stress

* Maintain high mechanical strength and thermal stabil-
ity

* Are compatible with industrial-scale processing

* Specifically optimize for the Si;N,-Invar42 material
pairing

As a lower-temperature alternative, soldering has been
explored,32 using tin-based, lead-free solders enriched with
Ti. These materials rely on a combination of metallurgi-
cal bonding (via intermetallic formation with Cu or Al)
and van der Waals “gravity bonding” with oxide-covered
surfaces. Soldering avoids thermal degradation and offers
plasticity to relieve residual stress. One example, S-Bond™,
incorporates active elements that disrupt oxide layers and
promote bonding. As soon as the oxide layer is disrupted,
the solder volume reacts with the substrate surface, and a
strong bond with the joined surface is thus formed.

Mechanical activation is also an option, and it may be
realized by:

* scratching and spreading with a metal brush

* vibrations (50 Hz-60 Hz)

* ultrasound with the frequency over 20 kHz, suitable for
soldering ceramic and non-metallic materials.

In this way, the necessity of a vacuum, shielding atmo-
sphere or multistep solder deposition is eliminated and
localized heating is possible. For the soldering of metals, it
is mostly sufficient to activate mechanically by scratching,

TECH

but in the case of ceramic materials, it might be necessary
to employ ultrasonic activation with the frequency over
20 kHz. However, the application of ultrasonic method
is sometimes limited: in the case of brittle substrates
such as ceramics, the damage of specimen by cracking
the surface layers may occur. While attractive for low-
temperature applications, the mechanical reliability and
thermal endurance of such joints remain underreported,
particularly in the case of Si;N,-Invar assemblies.

The aim of this study was to find a joining technique
for components based on SizN, joined to Invar42, with a
working temperature of about 300°C, a lap shear strength
35 MPa + 40 MPa, hermeticity and humidity resistant
behavior; a pressureless, localized heating joining process
potentially adaptable to curved surfaced and suitable to be
used in an industrial environment was also preferred. After
thorough screening, testing and down-selecting some suit-
able materials and technologies, the activity was focused
on a soldering alloy, S-Bond ®) Alloy 400, (S-Bond in the
following text).

S-Bond has numerous industrial applications, includ-
ing solar panel assembly, semiconductor processing, and
packaging optical devices. Its transformative potential lies
in scenarios requiring localized heating to join intricate
structures, such as sealing sapphire windows to metal
enclosures. S-Bond offers a low-temperature, flux-free,
hermetic, ductile and reworkable solution, ideal to join
ceramics to steel, Ti, Cu, Al etc.?

1.1 | Experimental part

Silicon nitride was produced by MBDA Italia S.p.A., by
a patented process* and has a CTE of about 3 x 107°
K~! measured between 125°C and 1000°C. Invar42 was
supplied by MBDA Italia S.p.A. Both materials have a
roughness of about Ra 5-7, obtained by paper gritting
(#120) and measured by surface stylus profiler (Taylor
Hobson ™—Intra Touch™). The selected alloy S-Bond (®)
Alloy 400, was supplied by S-Bond Technologies, LLC,
USA as wires*: its composition, as provided on the data
sheet, is: Zn 87%-91%, Ag 4%—6%, Al 4%-6% plus Ga and
Cr 0.1%-0.3%, and other elements 0%-0.2% (% wt). The
thermal coefficient of expansion from room temperature
to 300°C is ~32 x 10¢°C~L.

The pressure less soldering process was initially done
on a hotplate in air at about 450°C, then with an elec-
tric heather able to melt the S-Bond; process temperatures
were measured by an optical pyrometer. S-Bond was
applied on both the surfaces to be joined: once molten on
both surfaces, the two faying surfaces were overlapped and
manually shacked one on the other one to mechanically
activate the solder. Some samples were sputtered by Zn,
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(A)

FIGURE 1

(B)

SEM of S-Bond joints, polished cross-sections: Invar42 to Invar42 (A) and Si;N, to Si;N, (B).

(B)

FIGURE 2 S-Bond joints (Si;N, to Invar42, visual inspection) (A); SEM polished cross section of Si;N,/S-Bond interface (B).

Cr, Ti, or Al before soldering, by using a sputtering system
from Kenosistec™ with the following deposition param-
eters: deposition time 8 h, power supply 250 W (DC) on
3 inches diameter targets, pressure 7.3 dPa, with 25 sccm
Argon (Ar) flow, pre-process vacuum 9 X 10~> mbar (9
mPa), substrate rotated at 20 rpm. The distance between
cathode and substrate was 14 cm. A metallic (Zn, Cr, Ti, Al)
99.99% pure targets from NanoVision™ were used. The Zn,
Cr, Ti, or Al sputtered layer was measured by surface con-
tact stylus profilometry (Taylor Hobson Intra Touch 3D).

Single lap offset (SLO) mechanical tests were performed
by Zwick Roell (Z050 THW) on joined samples at room
temperature and at 270°C in air: slabs measuring 25 mm X
25 mm X 5 mm were joined with an offset of 12.5 mm and
tested in compression according to a method adapted from
ASTM D905-08. The crosshead speed was 0.5 mm/min; the
lap shear was obtained by dividing the maximum load at
fracture by the bonded area.

The cross-sectional morphology of joined samples
was characterized by optical microscopy and electronic
microscopy using Field Emission Scanning Electron
Microscopy (FESEM-ZEISS Supra 40) with an Energy
Dispersive Spectroscopy (EDS- SW9100 EDAX) detector.
Morphological analysis on fracture surfaces obtained after
mechanical tests has been also performed.

2 | RESULTS AND DISCUSSION

S-Bond Technologies initially developed in 1996 a Sn-Ag-
Tiactive solder alloy that was found to bond to most metals,
ceramics and composites without the use of Cd. S-Bond is
the highest temperature active solder of this family, with a
soldering process between 420°C and 430°C: the suggested
pressure to be applied is about 16 kPa and the opti-
mum joining material thickness is between 62 and 75 pm.
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FIGURE 3 Single Lap Offset (SLO) test in compression on samples joined by S-Bond, room temperature: Si3N4 to Si3N4 and Si3N4 to

Invar42 (A) showing higher mechanical strength for Si3N4 to Si3N4 samples (11 + 4 MPa); fracture surfaces of Si3N4 to Si3N4 (B) and Si3N4
to Invar42 (C) samples (2.7 + 1.2 MPa) after mechanical test.

FIGURE 4
detachment (B).

(A)

S-Bond joined Cr-sputtered Si3N4 to Invar: SEM cross section (A) and visual inspection of the joint showing complete

1IPUOD PUe SWLB L 84U} 89S *[S5202/TT/E2] uo Ariqriauliuo Aelim * Aejoes-Sied SNA - 11T3INI8 O4ANVSSI TV Ad 8TTOL FR//TTTT 0T/10p/L0" A3 1mARRIq1euI U0 SO IUIRIRD//SNY WOI) PoPeOjumMOd ‘T ‘920C ‘ZOVLYrLT

ol

35UB0 |7 suoWWOD A1) a|geat|dde ay3 Aq pausenob ae s3oie YO ‘8N Jo S3|NJ 10y A%iqi]auluQ AS|IAA UO (SUOIIIPUOI-pUe:



Applied
6 0f10 Ceprgmic

PIERRE ET AL.

(B)

FIGURE 5

(©)

S-Bond joined Aluminum to Aluminum samples after SLO test (about 58 MPa) (A); polished cross section of S-Bond joined

Al to Al samples (B) and results of EDS analysis on higher magnification of the interface (C).

(A)

(B)

FIGURE 6 The SEM top view of Al sputtered Si;N, (A) with the typical globular morphology of sputtered materials; EDS analyses (not
reported) confirmed the presence of Al as the only detected element; the sputtered Al layer thickness was measured by profilometry, and

ranged between 1.5 and 2 ym: one example of profilometry is in B.

However, for the discussed application, a pressureless
joining method was preferred.

Slabs of about 25 mm X 25 mm X 5 mm joined
in a single lap offset configuration with the joining
material sandwiched between were prepared, cross
sectioned and analyzed by FESEM and compositional
analysis.

Figure 1 shows the obtained S-Bond joints: Invar42-to-
Invar42 (Figure 1A) and Si3N4-to-SisN, (Figure 1B); the
bond line is continuous and fractureless, demonstrating
the suitability of this solder to pressureless join these two
materials, by a localized heating source. This solder alloy
has a very high thermal expansion coefficient, if compared

to that of the two facing materials, but the ductility of the
braze helps to reduce stresses in the joint.

The following step was to obtain the SizN,-to-Invar42
joint with the same procedure: Figure 2 shows the
visual appearance of a S-Bond joined SizN,-to-Invar42
(Figure 2A) and a SEM on the polished cross section
(Figure 2B).

Single Lap Offset (SLO) tests were done at room tem-
perature on S-Bond joined Si;N,-to-Invar42 (on 4 samples)
and on Si3Ny-to-SizN, (3 samples): results are shown in
Figure 3A. A striking difference in mechanical strength
was found, with a much higher value for the Siz;N,-to-
Si;N, samples (11 + 4 MPa) than for Si;N,-to-Invar42
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FIGURE 7 Al-sputtered Si3N4 and Invar42 joined by S-Bond: sketch (drawing not to scale) (A) and SEM polished cross section: a thin
interface layer formed between S-Bond and the Al sputtered layers (B, C) on both Si3N4 and Invar. As a comparison, see the absence of such a

reaction layer between S-Bond and Invar to Si3N4 joint in Figure 2B.

FIGURE 8 Al-sputtered Si3N4 and Invar42 joined by S-Bond: samples after mechanical test (SLO, 26 & 7 MPa): the joining material is
visible on both sides (A); SEM of the fracture surface (B, C) showing reaction zone between sputtered Al and S-Bond (bi-phasic region with

eutectic structure).

ones (2.7 =+ 1.2 MPa). The typical fracture surfaces are
in Figure 3B and D, showing a partially adhesive failure
mode with most of the solder alloy on one side of the
fractured specimen. In particular, the failure of SizNy-to-

Invar42 samples seemed to be due to a weak interface with
Si3Ny: most of the soldering alloy is left on the Invar42
(Figure 3C); this is a typical feature observed when there
is a weak interface, which fails.
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To improve the S-Bond adhesion to SisNy, SisN, slabs
were sputtered by Zn, Cr, or Ti, then joined to Invar42;
all of them showed an improved adhesion, but still not
sufficient to give a sound mechanical strength: some
joints failed during cutting, with S-Bond bonded only to
Invar42 or completely separated from the two substrates.
Figure 4 shows, as an example, the results obtained with
Cr sputtered SizN,: S-Bond did not form any evident
reaction layer with Cr sputtered on SizN, and the joined
sample failed at about 2 MPa, with the S-Bond completely
detached from the two substrates. S-Bond main element
is Zn and by observing the Cr-Zn phase diagram (not
reported here), it can be seen that 450°C is too low to
obtain a liquid phase able to form a reaction layer during
the short bonding process. Even though the wettability
of S-Bond on Cr is excellent, the absence of interfacial
reactions leaves the S-Bond compositionally unchanged
and unable to bond the two substrates. A possible reason
for such unsatisfactory results is the lack of reactivity
between S-Bond and the faying surfaces; however, the
data sheet reports a joint strength at room temperature
for S-Bond joined Aluminum to Aluminum as ranging
between 80 and 110 MPa; in order to verify it, some S-Bond
joined Aluminum to Aluminum and steel to steel samples
were prepared with the same procedure used before and
tested with the same SLO test.

S-Bond joined Aluminum to Aluminum did not break at
58 MPa and the test was stopped at Al plastic deformation.
(Figure 5A). On the contrary, S-Bond joined steel to steel
(picture not reported) failed while in the testing fixtures;
by considering the Fe-Zn phase diagram (not reported), a
process temperature of 450°C is too low to obtain a liquid
phase assisted reaction between Fe and Zn, able to form
a reaction layer during the short bonding process. Also in
this case, even though the wettability of S-Bond on steel is
excellent, the absence of interfacial reactions leaves the S-
Bond compositionally unchanged and unable to bond the
two substrates.

The sound interface between S-Bond and Al seems to
be the reason for the higher strength of these samples and
was thoroughly investigated by SEM and EDS analysis, as
reported in Figure 5B and C: it shows a reaction layer of
about 20 pm between Al and S-Bond, which contains Zn
and Al rich phases, according to the Al-Zn binary phase
diagram, presenting liquid phases at 450°C.

According to these results, it was decided to sputter Al
on #120 paper gritted Si;N, and Invar42 before S-Bond
joining.

Figure 6 shows SEM top view of Al sputtered Si3N4
(Figure 6A) with the typical globular morphology of sput-
tered materials; EDS analyses (Figure 6B) confirmed the
presence of Al as the only detected element. The sputtered
Al thickness measured by profilometry ranged between 1.5
and 2 um (Figure 6B).

TABLE 1 Summary of the SLO (single lap offset shear strength
test) results at room temperature and at 270°C.

Lap shear
S-Bond joined sample (MPa)
Al/Al >58
SisN,/SisN,, 11+4
Si;N,/Invar42 27+12
Al sputtered Si;N,/Invar42 (RT) 26 + 7
Al sputtered Si;N,/Invar42 (270°C) 14+4
Cr sputtered Si;N,/Invar42 2

In order to verify if the formation of a reaction layer
between S-Bond and the Al sputtered layers on SizNy
and Invar42 was effective in increasing the mechanical
strength of these joints, more than 10 joints were prepared
analyzed by FESEM, EDS and tested by SLO test (a sketch
of these joined samples is in Figure 7A)

Figure 7B and C shows the FESEM results on polished
cross section Al-sputtered Siz;N, and Invar42 joined by S-
Bond: a thin interface layer formed between S-Bond and
the Al sputtered layers on both SisN, and Invar42 is evi-
dent. As a comparison, the absence of such a reaction
layer between S-Bond and SizN,-to-Invar42 joints is clear
in Figure 2B.

Figure 8A shows a typical result obtained after SLO test:
the joining material is visible on both sides. A thorough
examination of the fracture surfaces is shown in Figure 8B
and C: SEM and EDS on both sides confirmed the presence
of a Zn-Al rich layer at the interface after SLO test, which
gave SLO shear strength compatible with reported in the
S-Bond data sheet, 26 + 7 MPa.

Table 1 summarizes all SLO results at room temperature
and at 270°C (for Al sputtered Si3N4/Invar42): they are
still lower values than those measured for S-Bond joined
Al/AlL but in the same range. The difference in mechanical
strength for joined samples without sputtered Al on both
sides is striking.

3 | CONCLUSIONS

The joining of Si;N, to Invar42 without surface modifica-
tion resulted in very low lap shear strength (2.7 + 1.2 MPa),
much lower than that of SizN,-Si;N, (11 + 4 MPa) and
Al-Al (> 58 MPa) joints, indicating poor interfacial bond-
ing. This study confirms that S-Bond does not establish
a strong chemical bond with SizN, in the absence of
surface activation. Sputtering with Cr or Zn offered no
significant improvement, as no interfacial reaction layers
formed at the soldering temperature (~450°C). In contrast,
as suggested by the Al-Al joints’ strength, Al sputtering
promoted the formation of a reaction layer, raising the
strength to 26 + 7 MPa.
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While sputtered Al enhanced bonding, it introduced
additional process complexity and cost, and the resulting
mechanical strength remained below what measured for
the Al-Al joints, suggesting that an improvement in the Al
layer on Si;N, might be useful. The Al layer optimization
might also mitigate the observed drop in strength at 270°C
(14 + 4 MPa), which might highlight concerns regarding
thermal stability and long-term reliability under sustained
or cyclic thermal loads.**

However, it must be underlined that this joining process
is best suited for low-temperature applications (~300°C),
aligning with the recommended service limit of S-Bond
alloys (<80%-90% of their solidus temperature).

Finally, achieving high mechanical performance in
Si;N,-metal joints will require further process optimiza-
tion.
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