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Abstract

Four compositions of rapidly quenched ribbon brazing alloys based on Ag—Cu-Ti
(Ag—26.5Cu-1.5Ti, Ag-25Cu-5Ti) and Ag—Cu—Zr (Ag-26.5Cu-1.5Zr, Ag-25Cu-5Zr) sys-
tems were produced. Initial ingots were synthesized by arc melting. Rapidly solidified
ribbons, 50-100 um thick, were then fabricated from homogenized ingots using a “Crystall-
702" facility. A comparative analysis of the microstructure and phase composition of
both the ingots and ribbons was conducted using scanning electron microscopy and X-ray
diffraction. The analysis revealed the presence of CuyTi and CuTi intermetallic compounds
in the Ag—Cu-Ti alloys, and AgCuyZr and Zrp,Cu in the Ag—Cu—Zr alloys. Rapid quenching
was found to produce metastable structures and significantly refine the intermetallic phases.
Microhardness measurements of the ingot and ribbon states demonstrated a substantial
influence of the processing route on the mechanical properties. The tensile strength of
the ingots was also evaluated. The wetting angles of the rapidly quenched alloy melts on
99% Al;O3 (alumina) ceramic substrates under vacuum were determined. All produced
ribbons, except for the Ag—26.5Cu-1.5Zr composition, demonstrated adequate wettability.
Thus, these materials are considered promising for further research into heat-resistant
metal-ceramic joints.

Keywords: rapid quenching; Ag—Cu-Ti/ Ag-Cu—Zr systems; microstructure; wettability;
tensile strength; active brazing; metal-ceramic joints

1. Introduction

The development of reliable metal-ceramic joints for vacuum, electronic, and power
engineering applications represents a critical challenge in materials science [1]. These
joints, which combine the high strength, corrosion resistance, and wear resistance of
ceramics with the ductility and toughness of metals [2], serve as essential components
in hermetic enclosures, insulators, and thermally stressed electronics. The established
industrial standard, the multi-step molybdenum-manganese (Mo-Mn) process, requires
preliminary ceramic metallization [3,4]. Its labor-intensive nature, however, has driven the
search for alternatives, among which active metal brazing is considered the most promising.
This single-step process employs brazing alloys doped with active elements (Ti, Zr) that
promote ceramic wetting via redox reactions at the interface [5,6].

Brazing alloys based on the Ag—Cu-Ti and Ag—Cu—Zr systems are the most widely
used for this purpose. Foundational research in this area [7] demonstrated that both Ti
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and Zr, when added to the Ag—Cu eutectic, actively react with oxide and nitride ceramics
to form interfacial reaction layers, with titanium-containing alloys generally exhibiting
better wettability. For the Ag—Cu-Ti system, the primary reaction products with Al,O3
have been identified as titanium intermetallics and oxides, such as Ti;Cuz0O, Ti,O, and
Ti;Cu [8-12]. In zirconium-containing alloys, studies [13,14] show that a ZrO, layer forms
at the ceramic interface, while intermetallic phases such as Cuy AgZr precipitate within the
bulk of the filler metal. Subsequent work [15-19] has focused on modifying Ag-Cu-Zr
alloy compositions (e.g., with Sn, Al, or Ti additions) to enhance joint microstructure and
strength, as well as on investigating the kinetics of zirconium segregation to the ceramic
surface [20,21].

Despite the relative maturity of Ag-Cu-Ti and Ag—Cu—Zr filler alloys, comparative
studies of these systems produced under identical conditions are lacking [22-24]. Such
research would significantly expand the field of knowledge and potential applications.
Moreover, detailed investigation of these systems will extend the applicability of math-
ematical models used to predict the behavior of both the filler alloys and the resulting
metal-ceramic joints. Therefore, improving the accuracy of finite-element modeling for
brazed alloys requires a detailed understanding of both the brazing alloy properties and
the phases constituting the joint.

The benefits of rapid solidification, such as the formation of metastable structures
with high homogeneity and fine phase dispersion, are well documented. For instance,
in nickel-based brazes, this technique suppresses the formation of brittle intermetallics
and improves joint strength [22,25]. When applied to the Ag-Cu-Ti/Zr systems, the
melt-spinning technique could produce similarly refined microstructures.

Therefore, this work aims to produce and comprehensively investigate rapidly
quenched ribbon brazing alloys with the following compositions (in wt.%): Ag-26.5Cu-
1.5Ti, Ag-25Cu-5Ti, Ag-26.5Cu-1.5Zr, and Ag-25Cu-5Zr. The objectives of this study
were to synthesize homogeneous master ingots; produce rapidly quenched ribbons and
characterize their microstructure and phase composition using X-ray diffraction (XRD)
and electron microscopy; determine the solidus and liquidus temperatures of the ribbons
via differential scanning calorimetry (DSC); and analyze the microhardness and tensile
strength of the obtained ingots. Finally, the wetting properties of melts produced from the
rapidly quenched ribbons were evaluated on a 99% Al,O3 ceramic substrate.

Notably, the thermal shock resistance of joints made with rapidly quenched brazing
alloys remains poorly characterized. Defined as the ability to maintain hermeticity and
mechanical strength under cyclic thermal loading, thermal shock resistance is a critical
parameter for many applications [26-30]. While data exist for joints made via traditional
metallization routes [4], information on active-brazed joints—particularly those produced
using rapidly quenched brazing alloy—is fragmentary. The results of this study establish
a foundation for subsequent research, which will focus primarily on evaluating how
the composition and microstructure of these rapidly quenched brazing alloys influence
the thermal shock resistance and mechanical strength of brazed joints under thermal
cycling conditions.

2. Materials and Methods

The compositions of the brazing alloys substrate materials considered in the work are
presented in Table 1.

Master ingots (Table 1) were produced by induction melting in a “Crystall-702” unit.
The charge materials consisted of copper, titanium, zirconium, and 99.99%-pure silver.
Rapidly quenched brazing alloy ribbons, approximately 50-100 um thick, were subse-
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quently fabricated from these ingots using the flat-jet casting technique on the same
“Crystall-702” facility. The estimated cooling rate during this process was 10°~107 K/s.

Table 1. Composition of the brazing alloys and substrate materials.

Material Composition, wt.% Annealing Mode
AgCul.5Zr Ag-26.5Cu-1.5Zr
AgCubZr Ag-25Cu-5Zr o
AgCul 5Ti Ag-265Cu~15Ti 730°Cfor5h
AgCubTi Ag-25Cu-5Ti
99%Alumina Al,03-0.3MgO -

The mechanical properties of the ingots were characterized by tensile strength and
microhardness measurements. Tensile specimens of the required geometry (Figure 1)
were cut from homogenized ingots using wire electrical discharge machining. Uniaxial
tensile tests were performed on a UTS-111.2-50 universal testing machine (Test Systems,
Ivanovo, Russia) at a crosshead speed of 1 mm/min, using self-aligning grips to minimize
bending moments.

4

R4 .

Figure 1. Tensile test specimens (dimensions in mm) [31].

The Vickers microhardness of the ingots was measured in both the as-cast and homog-
enized states (Table 1) using an FM-810 microhardness tester (Dealtek, Moscow, Russia).

To analyze the microstructure and composition of the brazed joints, cross-sectional
specimens were prepared by mounting them in polymer resin, followed by grinding and
polishing on a semi-automated LaboPol-5 machine (Struers ApS, Ballerup, Denmark) us-
ing water-based diamond suspensions and appropriate polishing cloths. The prepared
cross-sections were examined using a Carl Zeiss EVO 50 scanning electron microscope
(SEM) (Carl Zeiss AG, Oberkochen, Germany). The local composition was determined by
energy-dispersive X-ray spectroscopy (EDX) using an INCA X-Act detector (Oxford In-
struments plc, High Wycombe, England) at an accelerating voltage of 5 kV. The bulk phase
composition of the ingots was analyzed via X-ray diffraction (XRD) on a DX-27mini diffrac-
tometer (Dandong Haoyuan Instrument, Dandong City, China) using Cu K« radiation
(A = 15406 A) equipped with a monochromator. Measurements were performed at 40 kV
and 12 mA in the 20 range of 20-90° with a step size of 0.03° and an exposure time of 1 s per
step. Phase identification was carried out by comparing the obtained diffraction patterns
with reference data from the ICDD Pdf-2 database and with published crystallographic
data for the specific phases.

The thermal properties of the synthesized ribbons were analyzed using a Netzsch
STA 409 CD thermal analyzer (Netzsch Erich Netzsch GmbH & Co, Selb, Germany). Each
sample underwent two consecutive heating cycles up to 1100 °C at a constant rate of
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20 °C/min under a protective atmosphere of high-purity argon (grade 6.0) flowing at
70 mL/min. Measurements were performed in a Netzsch Al,O3 DSC crucible (Netzsch
Erich Netzsch GmbH & Co, Selb, Germany).

Wetting studies were performed on substrates of 99% Al,O3 ceramic (Table 1). Follow-
ing GOST 23904-79 [32], brazing alloy samples with a volume of ~64 mm?3 (approximately
0.2 g) were prepared by cutting and spot-welding segments of the ribbon. These preforms
were placed on the substrates and heated in the vacuum chamber of an EP-IRIS electric
furnace designed for wetting experiments. The tests were conducted under a vacuum better
than 1 x 1073 Pa, with a heating rate of 5 °C/min up to a peak temperature of 1000 °C.
Figure 2 presents the experimental temperature curve for the wetting experiments. The
spreading process was monitored in situ, and images of the molten alloy on the Al,O3
ceramic were captured with a digital camera. The final wetting angles were measured from
these images using KOMPAS-3D v19 x64 software. For each alloy composition, the contact
angle was measured at least three times on the obtained droplet, and the average values
are reported.

1200
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Figure 2. Heating and cooling curves for spreading and wetting experiments.

3. Results and Discussion
3.1. Characteristics of the Obtained Ingots

The microstructure of the ingot cross-sections before and after annealing is shown
in Figure 3, with the corresponding microhardness values provided in the images. The
increase in hardness observed for the AgCul.5Ti ingot after annealing is attributed to a
finer and denser distribution of intermetallic compounds.

Homogenization annealing at 730 °C for 5 h was performed to eliminate liquation
inhomogeneity and bring the microstructure of the Ag-Cu-X (X = Ti, Zr) alloys closer to
the equilibrium state.

The initial microstructure of the Ag-Cu-1.5Zr alloy (Figure 3a) consists of Cu—Zr
intermetallic phases. After heat treatment, partial dissolution and spheroidization of
the intermetallics occur, and the amount of the eutectic phase decreases, leading to the
formation of more dispersed particles (Figure 3b). The highly alloyed Ag—Cu-5Zr alloy
exhibits a structure composed of large dendrites (Figure 3c). Annealing causes their
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refinement, forming finer, rounded precipitates, while the eutectic constituent almost
completely disappears (Figure 3d). In both cases, copper from the eutectic is incorporated
into the intermetallics, and the structure is transformed.
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Figure 3. Microstructure of ingot cross-sections before and after annealing: (a,c,e,g)—as-cast state;
(b,d,f,h)—annealed state.

In the initial state, the microstructure of the Ag—Cu-1.5Ti alloy is characterized by a
fine network-like eutectic and dendritic clusters of Ti-Cu-based intermetallics (Figure 3e).
Following annealing (Figure 3f), coagulation and spheroidization of these phases are ob-
served, resulting in the formation of rounded precipitates within the silver matrix. The
Ag—Cu-5Ti alloy exhibits an initially heterogeneous structure with large primary inter-
metallics (Figure 3g). Annealing leads to increased homogeneity, coagulation of fine phases,
and the preservation of the large intermetallic particles (Figure 3h). Both compositions
undergo microstructural transformation as copper from the eutectic is consumed by the
growing intermetallic phases.
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Thus, the selected homogenization regime enables the formation of a more uniform
structure. The transformation mechanisms include spheroidization, coagulation, and
dissolution of the intermetallic phases. The differences in the initial morphology of the in-
termetallics are primarily dictated by the thermodynamics of the respective binary systems.

The phase composition of the obtained ingots was studied using EDX and confirmed
by XRD analysis. The investigation focused on the ingots with the highest content of
the active element. The analysis confirmed the multiphase nature of the ingot structure.
Micrographs of the brazing alloy structures containing 5 wt.% of the active element are
presented in Figure 4.

Soum

Figure 4. Element distribution map of AgCu5Zr.

The ingots consist of several phases. In the zirconium-containing ingot (Figure 4), the
silver matrix contains large zirconium- and copper-rich structures, with copper accumu-
lated at their boundaries. The zirconium-rich inclusions are relatively large, reaching up to
13 um in size, while the copper-rich phases are more finely dispersed, with diameters of
4-5 um.

The AgCu5Ti ingot (Figure 5) also features a silver matrix with uniformly distributed
copper and copper-titanium intermetallic phases. The mesh structure is composed entirely
of copper-titanium intermetallics, with inclusion sizes ranging from 1.5 to 12 pm. These
phases are examined in more detail in the following section.
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Figure 5. Element distribution map of AgCu5Ti.

The phase composition was investigated in greater detail using EDX (Table 2) and
XRD (Figure 6¢,d) analyses.
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Table 2. EDX results for ingots.

Content, wt. %

Region

Ti Cu Ag Zr
1 21.4 74.4 4.2 -
2 144 75.9 9.7 -
3 - 6.4 93.6 -
4 - 94.3 5.7 -
5 - 41.9 58.1 -
6 - 56.4 26.2 17.5
7 - 8.5 91.5 -

. AgCuSTi, sind PSSl b | AgCuSZr, wt.%

BEC 15kV x1,000 10pum — BEC 15kV x1,000 10pum S—
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Figure 6. Phase analysis of the obtained ingots: (a,b)—EDX analysis; (¢,d)—XRD spectra.

EDX analysis of the AgCu5Ti ingot (Figure 6a), the results of which are presented
in Table 2, indicates the presence of a silver-based solid solution (Region 3) and Ti—-Cu
intermetallic compounds (Regions 1 and 2). According to the XRD analysis (Figure 6c),
these phases correspond to the intermetallics CuTi and Cuy4Ti.

The AgCub5Zr ingot exhibits a more complex structure, as shown in Figure 6b. It
consists of a silver-based solid solution (Region 7, Table 2), a copper-based solid solution
(Region 4, Table 2), a distinct eutectic mixture (Region 5, Table 2), and zirconium-rich
intermetallic compounds (Region 6) of the AgCusZr and Zr,Cu types, as indicated by the
XRD spectrum (Figure 6d). Although the phase diagram suggests the possible presence of
an AgZr compound in the ingot composition, this was not confirmed by the XRD analysis.

The calculated properties of the relevant intermetallic compounds, taken from the
literature, are summarized in Table 3.

Table 3. Properties of the observed intermetallic phases.

Phases Space Group B (GPa) G (GPa) B/G * Reference
CuTi P4/nmm 136.76 82.74 1.65 [33]
CuyTi I4/m 138.64 53.37 2.59 [33]
AgCuy”Zr F-43m - - - [34]
Zr,Cu P4/nmm 111.00 46.00 241 [35]

* B (GPa)—bulk modulus; G (GPa)—shear modulus.
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According to reference [36], the B/G ratio indicates material ductility: a value below
1.75 signifies brittle behavior, while a higher value indicates ductility. Based on this criterion,
nearly all observed phases exhibit ductile behavior. However, the CuTi phase is brittle.

The mechanical properties of the ingots were also investigated via tensile testing. A
total of five specimens of each type were prepared. The test results are presented in Figure 7,
and SEM images of the fracture surfaces are shown in Figure 8.

400 400
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= 200 = 2004 i = o 176 + 8
g@' 202+ 10 g o I =
B ~ = © = ~
N — =~ — Il
U} N Up) = %)
= ‘5 = ‘2 S -

100 O O O O 100 4 o S| @ &=
on on on o0 == " — "
< < < < = = = =

@) @) O O
on on 1)) on
< < < <
0 0
a b

Figure 7. Tensile strength of ingots: (a)—yield strength; (b)—ultimate tensile strength.

BEC 15kV x200 100pm  — BEC 15kV x200 100pm

Figure 8. SEM images of the fracture surface: (a)—AgCul.5Zr; (b)—AgCubZr; (¢)—AgCul.5Ti;
(d)—AgCubTi. Arrows/round indicate destroyed intermetallics.

Ag—Cu-1.5Zr exhibits the following properties: o, =299 & 24 MPa, oy = 331 &+ 21 MPa,
& =17.5%. Fracture occurs uniformly through the intermetallics (Figure 8a). Increasing Zr
content to 5% reduces both strength (oys = 258 & 4 MPa) and ductility (6 = 5%) (Figure 8b).
Ag—Cu-15Ti demonstrates the highest strength among the studied alloys:
002 =318.8 £ 1.7 MPa, oyt = 351.4 &+ 1.5 MPa, 6 = 17.9%. SEM images of the fracture
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surfaces (Figure 8c) reveal cracked and pulled-out intermetallic particles, suggesting a more
brittle matrix—particle interface. However, the high ductility implies that such defects are
not critical. At 5% Ti, embrittlement occurs: oy = 176 = 8 MPa, & = 2%. The outs < 092
ratio indicates brittle failure within the elastic regime (Figure 8c). The test results are
largely determined by the content and nature of the intermetallic phases. The alloy with the
highest titanium content, which exhibited the most brittle phases (Table 2), correspondingly
showed the poorest mechanical performance, confirming this correlation.

3.2. Characteristics of the Ribbons

The composition of the obtained rapidly quenched ribbons was also examined using
EDX analysis, the results are presented in Figure 9.

'a—vr
Ti Cu Ag Sl
e 1.19 45.01 53.80 : Zr Cu Ag

1.17 39.62 59.21

25um % /

2o

Ti Cu g 7 v
9.22 37.22 53.56|! r

) — 4.41 28.93 66.65

S0pm

Figure 9. Microstructure of the cross section of the obtained ribbons: (a)—AgCul.5Ti; (b)—AgCul.5Zr;
(c)—AgCubTij; (d)—AgCubZr.

Figure 9 shows that the ribbons containing 1.5 wt.% of the active element (Figure 9a,b)
have a more homogeneous structure, and their elemental composition is close to the
nominal one. It is also noted that rapid quenching leads to significant refinement of the
intermetallic phases. In the brazing ribbons with an alloying element content of 5 wt.%
(Figure 9¢,d), an increase in phase size was observed with increasing distance from the
wheel side. The AgCu5Ti ribbon contains relatively large inclusions, reaching up to 13 um.
At the same time, the phases in the center of the ribbon and closer to the free surface do not
exceed 500 nm in size. It is also worth noting that the phase size in the AgCu5Zr ribbon
does not exceed 500 nm throughout its entire thickness.

The melting range of the produced brazing alloys was investigated using DSC. The
measurement results are presented in Table 4.

https://doi.org/10.3390 /jmmp10030090
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Table 4. Results of differential scanning calorimetry measurements.

Material Liquidus, °C Solidus, °C
AgCul.5Zr 810 774 + 2
AgCubZr 860 774 £2
AgCul.5Ti 805 780 + 2

AgCubTi 830 780 + 2

The obtained values are in good agreement with the literature data and phase dia-
grams. These data were used to determine appropriate heating parameters for the wetting
experiments. The wetting angles of the investigated brazing alloys are presented graphi-

cally in Figure 10.

50
4%\6\ ® AgCuSTi
. \43A.2 —a— AgCul.5Ti
438 T 404 —o— AgCuSZr
40 - \ A
N \Q6.6
\ A 346 36
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T T T j ! I
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Temperature, °C

Figure 10. Wetting angles of the obtained ribbons on an alumina substrate.

The significant differences in wetting angles (Figure 10) stem from the distinct inter-
facial chemistry and kinetics governed by the active element (Ti or Zr) and its content.
For the Ag—Cu-Ti system, both alloys exhibit excellent wettability due to the high redox
activity of titanium, which reduces the Al,O3 surface to form titanium oxides and Cu-Ti-O
intermetallic compounds at the interface. The superior performance of the AgCu5Ti ribbon
(60 =11.4°), compared to AgCul.5Ti (0 = 25°), is a direct consequence of the higher thermo-
dynamic driving force and greater Ti supply for the interfacial reaction, facilitated by the
refined, homogeneous microstructure of the rapidly quenched state.

In contrast, the wetting behavior of the Ag—Cu—Zr system is governed by differ-
ent kinetics. The AgCu5Zr alloy eventually wets the substrate, but with a pronounced
delay, attributed to the necessary dissolution of a native ZrO; film on the alloy surface
before active interaction with the ceramic can commence. Once this barrier is overcome at
~1000 °C, zirconium forms a ZrO,-based layer, enabling bonding. The poor spreading of
the AgCul.5Zr composition suggests that 1.5 wt.% Zr is below a critical threshold for an ef-
fective interfacial reaction under these conditions; the limited Zr may be kinetically trapped
in fine intermetallic particles within the ribbon microstructure, reducing its availability at
the interface.

These findings have direct implications for brazing process design. The excellent and
rapid wettability of the Ti-containing alloys, particularly AgCu5Ti, indicates that they are
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suitable for efficient brazing cycles with relatively low peak temperatures (in the range
of 850-900 °C, just above their liquidus) and short holding times. This enables a low-
thermal-budget process, minimizing residual stresses and component degradation. For
the AgCubZr alloy, reliable bonding requires a dedicated high-temperature cycle with a
peak temperature of at least 1000 °C and a prolonged holding time to ensure dissolution
of the surface oxide and subsequent interfacial reaction. Such a cycle is more energy-
intensive and increases the risk of excessive brittle layer formation. Consequently, the
rapidly quenched AgCub5Ti ribbon emerges as the most promising candidate, enabling
a robust and economical single-step active brazing process for alumina. In contrast, the
AgCubZr alloy may be considered for specialized high-temperature applications where the
use of Ti is undesirable. The AgCul.5Zr composition, due to its inadequate wetting, is not
recommended for direct brazing of alumina under standard vacuum conditions.

4. Conclusions

This work focused on the synthesis and comprehensive characterization of rapidly
quenched ribbon brazing alloys based on the Ag—Cu-Ti (Ag-26.5Cu-1.5Ti, Ag-25Cu-
5Ti) and Ag—Cu—Zr (Ag-26.5Cu-1.5Zr, Ag—25Cu-5Zr) systems. The study encompassed
the analysis of their microstructure, phase composition, thermal properties, mechanical
characteristics, and wetting behavior on ceramic substrates to assess their potential for
high-temperature metal-ceramic joining. The main findings are as follows:

(1) Homogenization annealing at 730 °C for 5 h effectively eliminated liquation inhomo-
geneity in all studied alloys. The microstructural transformation mechanisms include
spheroidization, coagulation, and dissolution of the intermetallic phases.

(2) The optimal alloying element concentration for both systems is 1.5 wt.%. Ag—-Cu-
1.5Zr demonstrates 0y, = 299 4+ 24 MPa, oys = 331 + 21 MPa, and 6 = 17.5%, with
fracture occurring uniformly through intermetallics. AgCul.5Ti shows the highest
strength: 09, =318.8 = 1.7 MPa, oyts = 351.4 + 1.5 MPa, and 6 = 17.9%; however, SEM
images of the fracture surfaces reveal cracked and pulled-out intermetallic particles,
indicating a more brittle matrix—particle interface. Increasing the alloying element
content to 5 wt.% degrades the mechanical properties, with the degradation behavior
differing between the two elements. AgCu5Zr retains moderate ductility (5 = 5%)
and stable strength (oyts = 258 + 4 MPa) due to its uniform structure. In contrast,
AgCubTi undergoes catastrophic embrittlement: oy = 176 £ 8 MPa, 6 = 2%. The
Outs < 02 ratio indicates brittle failure within the elastic regime, caused by large
intermetallic structures.

(3) Phase analysis confirms the multiphase nature of the ingots. AgCu5Ti contains CuTi
and CuyTi intermetallics, while AgCu5Zr consists of AgCuyZr and Zr,Cu phases. The
calculated B/G ratio suggests that most observed intermetallic phases are ductile; the
most brittle among them is CuTi (B/G = 1.65).

(4) Rapid quenching produces ribbons with highly refined microstructures. At 1.5 wt.%
of the active element, the phase distribution is uniform across the ribbon thickness.
In the AgCub5Ti ribbon, coarse inclusions up to 13 um appear only on the wheel
side, while phases in the center and near the free surface do not exceed 500 nm. The
AgCubZr ribbon exhibits phase sizes below 500 nm throughout its entire thickness.
The solidus temperatures are 774 £ 2 °C for Zr-alloyed and 780 + 2 °C for Ti-alloyed
compositions. The liquidus temperatures range from 805 °C (AgCul.5Ti) to 860 °C
(AgCubZr).

(5) Wetting behavior on alumina substrates is strongly governed by the type and con-
centration of the active element. AgCu5Ti exhibits excellent wettability (6 = 11.4°),
significantly outperforming AgCul.5Ti (6 = 25°), which is attributed to higher ti-
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tanium activity and the homogeneous ribbon microstructure. AgCu5Zr wets the
substrate with a pronounced delay, requiring heating to 1000 °C to break down the
native ZrO, film; AgCul.5Zr shows poor spreading, indicating that 1.5 wt.% Zr is
insufficient for an effective interfacial reaction under the studied conditions.

In summary, the rapidly quenched ribbons AgCul.5Ti, AgCu5Ti, and AgCu5Zr demon-
strate promising characteristics for producing heat-resistant joints. The results establish a
foundation for the next research phase: fabricating and testing brazed joints to evaluate
their mechanical strength and thermal shock resistance under cyclic loading conditions.
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