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Abstract

Plasma-assisted physical vapour deposition of titanium over an alumina surface, brazed with an aluminium alloy
substrate using Al4047 filler, was conducted in a vacuum ranging from 1 x 1073 to 10> mbar. Microstructure
characterization, specifically focusing on the Al,O;-Ti coating interface, aims to explain what mechanism under-
lies the secure bonding of ceramics to metal and how vapour deposition and vacuum atmosphere play a crucial
role in achieving this feasibility. Titanium enhanced the wetting characteristics of the alumina surface through
chemical reactions. The TiO, and Ti;Al reaction compounds were identified at the interface. The Ti-rich phase ad-
Jacent to the Al,O; substrate becomes increasingly discontinuous with brazing time. At the Al,O;-Ti interface, a
reaction layer of 0.5—1 um thickness was observed at a brazing temperature of 582 °C held for 40 min. In demon-
strating defect-free, solidly packed joints, the proposed additive manufacturing approach affirms its suitability
for fabricating Al,O;-Al composites at lower joining temperatures, based on the effect of titanium on interfacial
bonding characteristics.
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I. Introduction miniaturization, hermetic sealing, and biocompatibil-
ity [5,9,10]. The substantial impact on joining ceram-
ics was because of their essential properties, with ex-
cellent chemical permanence, strong resistance to de-
formation, a high dielectric influence, improved ther-
mal stability and abrasiveness in hostile environments
[11]. Challenges of alumina brazing are poor wettability
and high residual stress at ceramic-metal interface be-
cause of the variation in thermal expansion coefficients
[12]. In the realm of advanced joining technologies, a
variety of bonding methods have surfaced for the pur-
pose of joining metal alloys with ceramics. The methods
encompass diffusion bonding, active brazing, transient
liquid-phase bonding and ultrasonic welding [13,14].
Active metal brazing is the most preferred method for
ceramic joining applications among these cutting-edge
joining methods.

The initiation of an interfacial reaction via brazing is
required to secure strong joints. When the active metal
element is introduced to the filler alloy, it initiates a
chemical reaction at the ceramic-metal interface. It fa-
cilitates the adequate bonding of ceramics and reduces
interfacial residual stress formation. Ti, V, Nb, Hf, Ta

Vacuum brazing is a prominent joining technol-
ogy for fabricating ceramic-metal composites that in-
tegrates alumina (Al,O;) with aluminium alloy and
has expanded its prospects, predominantly in sensor
feedthroughs. This joining technology is extensively in-
tegrated into ultra-high vacuum modules, which sup-
port manifold requirements in electronics, biomedi-
cal applications and the chemical equipment [1-5].
Hermetic biocompatible packaging necessitates im-
plantable devices, such as electromagnetic interfer-
ence (EMI) feedthrough filters for cardiac pacemak-
ers and defibrillators, spinal cord stimulators (SCS)
and implantable MyoElectric sensors (IMES) for pros-
thetic control systems. Implanted biomedical microsys-
tems consist of application specific integrated circuits
(ASICs) encapsulated in biocompatible materials, fea-
turing various electrical feedthroughs linked to stim-
ulation [6-8]. Desirable characteristics of implantable
electrical devices include long-term stability, extreme
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and Zr are some of the active metals in the IV and V
groups of the Periodic table. They can modulate the ce-
ramic substrate to be hydrophilic and substantially sub-
jected to its interfacial chemistry [15-18]. For exam-
ple, through the chemical reaction of molten Ag-Cu-
Ti filler with Al,O,, the wettability of the monocrys-
talline alumina surface improved as the contact angle
decreased to 10° with the addition of titanium content (3
and 8%) [19]. The formation of chemically reacted com-
pounds was characterized by a continuous reaction layer
of micrometre size at the interface [20,21]. Two dis-
tinct intermetallic compound layers are formed with Ti-
O and Ti-Cu-O phases at the interfaces where the Al,O,
ceramic-active metallic (Ag-Cu-Ti) filler is. So far, the
observed reaction phases have been limited to titanium
oxides, including TiO [22,23], Ti,O [24] and Ti,O,
[25], as well as copper-titanium oxides (Cu,Al);Ti;O
and Ti,Cu,O [26,27]. These compounds have demon-
strated a noteworthy impact on improving wetting be-
haviour and bond strength. In addition, when brazing at
higher temperatures for an extended duration, the reac-
tion layer gets thicker, and the inhomogeneous reaction
phase forms on the interface. It stops the active metal Ti
activity, which in turn weakens the bond. Not all forma-
tions of intermetallic compounds strengthen the joint,
but the intensity of the crystallinity in intermetallics in-
fluences the structural behaviour of the brazed ceramic-
metal joint [28].

Ag-Cu-Ti alloys are preferred for their exceptional
dependability as active brazing fillers. However, a no-
table drawback is that the relatively high liquidus tem-
perature renders them unsuitable for brazing aluminium
alloys with ceramics. A joining process has been pro-
posed to establish a strong and reliable ceramic-metal
joint, drawing on crucial insights from the aforemen-
tioned in situ study on active brazing. Importantly, this
achievement is potentially viable at a low brazing tem-
perature, i.e. operating at temperatures lower than the
solidus temperature of the aluminium-based parent ma-
terial [29].

The main topic of this research paper is the reactive
mechanism at the ceramic-metal interface. It focuses
on how titanium can improve the wetting behaviour of
the ceramic surface through reaction layer formation.
This was realized through additive manufacturing (AM)

technology: the metallization of the alumina-faying sur-
face with titanium by physical vapour deposition, fol-
lowed by furnace brazing using conventional filler in a
vacuum environment.

II. Experimental

2.1. Brazing of alumina with Al-alloy

Polycrystalline alumina (Al,O,, with 99.99% purity),
Al6061-T6 aluminium alloy with dimensions of 15 mm
X 10mm X 8 mm and Al4047 filler (Morgan Advanced
Ceramics in Hayward, CA) were the starting materials
used for the experimental investigation. Table 1 displays
the chemical composition of the commercially available
Al6061-T6 alloy and Al4047 filler.

In a high-temperature vacuum furnace, the sand-
wiched metallized alumina ceramics was joined with
an aluminium alloy and intermediate aluminium filler
(Fig. 1). The plasma-assisted physical vapour deposi-
tion (PAPVD, M/s. Bangalore Plasmatek, India) tech-
nology was used to coat the Al,O; surface with Ti
(their physical properties were compared in Table 2).
The Al4047 aluminium filler alloy was used in the form
of a 0.25 mm-thick strip. The filler material, selected in
accordance with AWS A5.10, was made up of Al-12Si-
0.3Cu and the brazing temperature was kept at 582 °C,
which is the liquidus temperature recommended by the
manufacturer. Cleaning the faying surface ultrasonically
with acetone for 5 min ensured the removal of contam-
inants. The Al,O,-Al composite assembly was tightly
held together with the right fixtures so that it was in

/I > T
% m % - Al6061-T6

(a) (b)

Figure 1. Schematic representation of sandwiched Ti
metallized Al with A16061-T6 alloy using Al filler (a) and
vacuum brazed Ti metallized Al,O; with A16061-T6 alloy (b)

Table 1. Chemical composition (wt.%) of commercially available aluminium base metal and brazing filler

Elements Si Fe Cu Mn Mg Zn Cr Ti  Others Al
Aluminium 6061T6 alloy 0.7 06 030 005 09 020 025 0.10 0.05 Reminder
Aluminium 4047 filler 13 080 030 0.15 0.1 0.20 - - 0.05  Reminder

Table 2. Melting point (7'), thermal conductivity (1), density (p) and thermal expansion coefficient (@) of A16061-T6, A14047
filler, alumina and pure titanium

Material T [°C] A[W/mK] plg/em’] a[x10-9K]
Al6061-T6  582-652 167 2.70 23.6
Al4047  577-613 121 2.68 21-23
AL, 2050 25-35  3.95-398  8.1-10.3
Pure Ti 1668 19.2 4.50 8.4
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close contact with a joint clearance of 1.5 mm, which
is suitable for capillary action. The brazing process en-
tails subjecting the assembly to a liquidus temperature
of the filler at a rate of 7 °C/min for 40 min. The brazing
time of 40 min was selected according to the experimen-
tal study of the vacuum-brazed Al6061-T6 lap joint. It
was shown [30] that after 30, 40 and 60 min of brazing
at 582 °C with Al4047 filler, the brazed lap joint had
an average tensile strength of about 31, 36 and 33 MPa,
respectively. Following the brazing process, the brazed
samples were cooled in a vacuum environment within
the furnace. SiC abrasive with different grit sizes (500,
800 and 1200) was used to polish the brazed interface
and diamond (0.25 um) polishing paste was then used
to make the face very smooth. Finally, the samples were
cleansed using a lint-free cloth wetted with a mixture of
hydrofluoric acid and distilled water.

2.2. Coating deposition by PAPVD

Plasma-assisted physical vapour deposition (PA-
PVD) technology was implemented to coat the Al,O,
faying surface with active metal titanium that was
5.93 um thick on average in a high vacuum using a
steered cathodic-arc titanium plasma source. A dense Ti
layer was formed on the alumina substrate, size 50 mm
X 25 mm, using the cathodic arc PVD method. During
the pre-coating process, the ceramic surface was ex-
posed to in situ glow discharge in argon plasma etch-
ing to improve its hydrophilicity, thereby easing opti-
mal adhesion [31]. A vacuum arc with a 90 A current
and a velocity range of 2 to 45 m/s was used to acceler-
ate energetic Ti ions up to 150eV and deposit them on
a ceramic substrate for 3—7 min. The high-energy and
stimulated momentum titanium atoms have effects on
film growth by increasing the substrate temperature and
materializing a denser, void-free film at a high flux ratio
of bombarding ions to depositing atoms. Metallization
of the alumina surface yields an enhancement in both
the wetting performance and the strength of adhesion
[32,33].

2.3. Heat treatment in vacuum furnace

In ceramic-metal brazing, vacuum atmosphere heat-
ing furnace plays a significant role in developing robust
joints. Heat treatment in a vacuum atmosphere com-
pletely removes gases during the brazing and PVD coat-
ing processes. This is because it creates an atmosphere
that makes it easier to remove residual gases from the
assembly, impedes oxidation at high temperatures and
ensures reliable brazed joints [34,35]. The use of Ti and
Al, which are highly reactive metals, when processed in
an uncontrolled atmosphere furnace at elevated temper-
atures, causes rapid oxidation. This oxidation, in turn,
affects the ductility and strength of the brazed joints by
forming an oxide layer at the interface [36]. Ti and Al
are metals with a negative redox potential and a stronger
attraction to oxygen. This means that titanium com-
pounds can be in different oxidation states, and also
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+3, which is the most common for aluminium com-
pounds [37]. The vacuum shields the deposition process
against gaseous contamination by having a substantial
mean-free path between atom-ion collisions and the re-
duced boiling point of the deposited film. Integrating
vacuum technology with PVD and brazing processes
improves the ceramic surface’s wetting behaviour and
even achieves reliable bond strength [20].

2.4. Characterization

Scanning electron microscope, SEM, with an energy-
dispersive X-ray, EDX was used to characterize the
elemental composition at the brazed interface. X-ray
diffraction, XRD technique enabled characterizing the
reaction phase peaks corresponding to the JCPDS (Joint
Committee on Powder Diffraction Standards) database.

II1. Results and discussion

3.1. Interfacial microstructure characterization

The vacuum-brazed Al,O,-Al interface was analysed
by SEM (Fig. 2). The brazing seam consists of five
phases (indicated in Fig. 2 with points A, B, C, D and
E) and its energy dispersive X-ray spectrometry (EDX)
analysis is shown in Table 3. The phases A and B were
deduced to be Ti-O-Al. Titanium has greater solubil-
ity in oxygen in comparison to aluminium. This re-
sulted in significant wetting and spreading characteris-
tics on the joining surface due to a chemical reaction.
With 41.12wt.% Al, 58.43 wt.% Si and 0.41 wt.% Cu,
the phase C is an Al-Si eutectic structure that is high
in Si. The phase D is an Al-Cu eutectic structure with
73.64wt.% Al, 1.35wt.% Si and 24.8 wt.% Cu. The
brazing seam is flawless, which might increase element
diffusion and interfacial reactivity, which made the joint
stronger. The significantly lower liquidus of the Al4047

Figure 2. SEM micrograph of a cross-section view of the
AL, O5/PVD titanium/Al4047/A16061-T6 alloy joint brazed at
582 °C for 40 min in 1 x 10~° mbar vacuum
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Table 3. EDS results of different phases determined from Fig. 2

Composition [wt.%]

Possible reaction

Location —fr———F——§ 0 phases
A 3071 3890 0 0 0 3039 TiOand Ti-Al
B 0 9870 0 0 0 130 Ti-rich
C 4112 0 004 5843 041 0 Si-Al Si-rich
D 7364 014 007 135 248 0 Al-Ti-Cu
E 8824 005 0 1049 122 0  Al-Cu-Si, Al (s.5)
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Figure 3. SEM micrograph of a cross-section view of the
AL O,/PVD titanium/Al4047/A16061-T6 alloy joint brazed at
582 °C for 40 min in 1 x 10~° mbar vacuum

filler metal facilitates the formation of a robust joint in
the Al,O,/Al alloy brazing. This elucidates its capacity
to wet and disperse effectively within the joint clearance
of the joining materials that were investigated.

This research article is focused predominantly on
the interaction at the Al,O,-Ti interface in the brazed
Al,0,/Ti/Al4047/Al alloy system (Fig. 3). The inter-
face is decoded based on the reactive mechanism at the
Al,O;-Ti interfaces with the main question how does
titanium influence the bonding characteristics of the
alumina-aluminium composites.

The SEM micrographs with EDX mapping (Figs. 4,
5 and 6) show that the Ti-O and Ti-Al phases were
found where the titanium meets the alumina, and the
Ti-Al-Si compound formed where the titanium meets
the filler alloy. Rajendran et al. [28] documented the
observation of double intermetallic thick layers on the
alumina side derived from a brazed Al,O,/Cu system
using Ag-Cu-Sn-Zr-Ti metallic filler. However, a reac-
tion layer of 0.5—1 um thickness was identified with Ti-
O and Ti-Al phases. At the alumina-titanium interface,
TiO, and Ti,Al were confirmed by XRD analysis, as
shown in Fig. 5. The XRD pattern of the Al,O5/Al al-
loy interface shows various diffraction peaks. At the
Al,O,/Ti interface, the intermetallic compound peaks
were confirmed to be TiO, with anatase properties that
matched the JCPDS card number #21-1272 (crystal
system: hexagonal; space lattice: body-centered; space
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Figure 4. Al,0,/Ti interface: SEM microstructure and
elemental distribution on the Al,O;/PVD Titanium/A14047
filler joint brazed at 582 °C for 40 min

group: I41/amd; space group number: 141; a = b =
3.785A, ¢ = 9.513A; @ = B = y = 90°). In addition,
the Ti, Al peaks were also found using the JCPDS card
number #14-0451 (crystal system: hexagonal; space lat-
tice: primitive; space group: P63/mmc; space group
number: 194;a =b =5.77TA,c =4.62A;a =5 =90°,
and y = 120°).

The formation of TiO, is caused by the dissolution
of Ti atoms which tends to react rigorously with the
oxygen atoms released at the Al,O, ceramic faying sur-
face [38]. At higher temperatures, the reaction is spon-
taneous for the negative Gibbs free energy (AG ) of for-
mation, defined by the combination of subsiding energy
and increasing entropy. The AG is a comparative mea-
sure of the stability of a metallic compound with re-
spect to the pure metal element, which is a function of
temperature and pressure. Based on the formation en-
ergy (AGy), TiO, and Ti,Al are usually extremely sta-
ble intermetallic compounds, as validated by their con-
siderable negative AG¢ of —940.4 + 0.1817 kJ/mol for
TiO, and —29.6 + 0.007T kJ/mol for Ti;Al [39,40]. Ti-
tanium is more reactive to oxygen than aluminium. Be-
sides, Ti has a superior attraction to silicon in combi-
nation with aluminium and copper in the molten filler
alloy [26,41]. As shown in Fig. 5, the microstructural el-
emental mapping analysis reveals that the reaction layer
includes Ti-O-Al compounds that also exist on the in-
terface. The research outcomes support the perspective
that the thicker the interfacial reaction layer formation
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ALO, - Titanium Interface
The Ti-reach (TiQ, and Ti,Al) reactive phase formation
enhanced the wettability of the alumina (AlL;O,) surface

Figure 5. Al,O;/Ti interface: SEM micrograph with
elemental mapping analysis and EDS line scan analysis (a, b,

c¢) and XRD pattern confirming presence of TiO, and Ti;Al
phases (d)
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over the increased brazing period, the less Ti activity
with the Al,O, surface due to the lower solubility of
TiO, [38,42]. Titanium stimulation in the interfacial mi-
crostructural formation has a greater impact on improv-
ing the wetting and spreading behaviour of the Al,O,
substrate [43].

During the extended 40-minute processing period,
the formation of Ti-rich interfacial region at the Al,O,
surface intensified (Fig. 6) as there was reduced interfa-
cial free energy that led to better wetting effect through

SEM MICROGRAPH ALUMINUM

nteraction between ALOs surfagce and
vapour-deposited titanium ‘

™ ) X 4
L 25300um |

TITANIUM

Figure 6. SEM micrograph, coupled with elemental
distribution observation, elucidates the existence of titanium
adsorption onto the alumina surface

260

chemical reactions. This led to a proportional reduc-
tion in the degree of crystallinity and ductility of the
titanium coating [44]. In addition, the SEM micrograph
(Fig. 6) shows significant titanium enrichment at the Al
surface, as Ti atom reduces Al,O; due to the superior Ti-
O bond energy relative to the Al-O bond energy [45,46].
This explains why the TiO, phase is present in greater
amounts than the Ti; Al phase, as shown in the XRD pat-
tern (Fig. 5d). At a higher brazing temperature for the
prolonged brazing time, Ti atoms dissolve further into
the interfacial reaction layer near the alumina substrate,
reacting with Al and O, as well as through the interface
with the Al-Si-Cu filler alloy, thereby forming a thicker
reaction layer [47]. Consequently, the interfacial mi-
crostructure of the alumina/titanium and titanium/filler
alloy systems will change. This was also demonstrated
in the Al,O;/Al,O; brazed joint with the observation
of reaction phases Ni,Ti,O and AINi,Ti formed on
the NiTi/Al, O, interface [48,49]. The Ni,Ti,O reaction
layer grows thicker and the columnar AINi, Ti phase be-
comes coarser with the extended brazing time, leading
to a decline in joint strength [48,49]. The spreading of
the molten filler took place on the reaction layer adja-
cent to the Al,O; substrate. Meanwhile, the thicker the
formed layer at the interface, the lower the Ti activity
across the ceramic-metal interface, which in turn weak-
ens the mechanical properties [50].

An investigation of the time-dependent microstruc-
tural growth at the Al,O,/TiAl interface during braz-
ing at 880°C by means of a silver-based active filler
has provided constructive insights into the bonding
mechanism and the effect of brazing time on the joint
characteristics, which varied from 1 to 30 min [19,51].
AlCu, Ti phase formation intensified with brazing time.
The intermetallic Ti;(Cu,Al);O reaction layer thick-
ened from 1.5 to 3um over a period of 30min of
brazing. At first, chemical reactions controlled the in-
termetallic growth kinetics. As the reaction layer got
thicker, these reactions prevented titanium from diffus-
ing into the ceramics. It was observed that a thicker Al-
CuTi reaction layer adjoins the metal filler and TiAl
substrate. The observation emphasizes that process-
ing at higher brazing temperatures for a longer pe-
riod deepens the dispersion of molten filler within the
TiAl alloy. This results in the formation of a thicker
Ti;(Cu,Al);O layer with a blocky AlCu,Ti compound.
Investigation of the Al,O,/TiAl joint probed the in-
fluence of brazing time over interfacial microstructure
formation and shear strength brazed at 900°C [52—-
54]. The presence of fragmented AlCu,Ti in the inter-
metallic (Cu,Al),Ti;O reaction layer had a significant
effect on joint integrity. When it comes to determin-
ing the physical properties of (Ti-6Al-4V/AISI 321),
(2r0,/SS316), (YAG/Kovar), (AIMgB,,-TiB,/SS304),
(Ti-6Al-4V/AISI 321), (Al,O,4/Ni-Ti) and (SiO,,/SiO,
composite) joints, the study stressed how important the
brazing duration is. Because of the extended brazing
time, a thick and brittle (TiO and Cu,Ti,O), (Fe,Ti and
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Ni;Ti), (Cu(Ti,ADss and TiB whisker), (CuTi,, CuTi,
FeTi, Fe,,Zn,q4 and TiZn,), (Ni,Ti,O and AINi,Ti) and
(Cu, Tig O) intermetallic phases were formed, which
significantly reduced the bond strength of the composite
materials.

3.2. Fracture characterization

The 2%-rule in brazing is a significant directive for
non-destructive evaluation by radiography. X-ray in-
spection procedure could not identify the defects in the
brazed joints when the joint clearance is less than 2%
of the thickness of the base materials brazed together
[55,56]. Figure 7 presents a radiograph of a brazed joint
satisfying the 2%-rule. It exemplifies the brazed spec-
imen of Al,O, ceramics with Al alloy, both of 3 mm
thickness, with a joint clearance of 1.5 mm, through
which X-rays are transmitted for better defect sensitiv-
ity analysis. It is a clear and concise description of the
surface morphology of a lap joint, presenting observa-
tions on the uniformity and smoothness of the brazed
seam established through sufficient brazing alloy flow
and proper joint clearances in a vacuum atmosphere.
However, obvious breakage of the alumina substrate
(tiny portion) on the top corner of the brazed specimen
was observed from radiography. The evolution of cracks
and delamination can be reduced considerably or even
prevented with the controlled heating rate (7 °C/min) to
minimize thermal stresses. Customization of the braz-
ing temperature and holding time ensures optimal metal
filler flow. Moreover, regulation of the cooling rate helps
avert prompt cooling and the use of suitable fixtures
supports minimizing distortion and stresses. The signif-
icance of the aforementioned measures is exemplified in
Fig. 7, where neither micropores, incomplete fusion and
voids, nor cracks (longitudinal or transverse) across the
brazed lap joint are identified as defects.

Alumina substrate Radiograph
experienced material
breakage after the
‘brazing operation

Aluminum
Alloy

Brazed Sample
Left side view

Brazed Sample
Front view

Brazed ALO;-Al Alloy
Radiograph

Figure 7. X-ray inspection of the brazed Al,0;-Al alloy

The overall characterizations could reveal beneficial
elements, including: i) a detailed look at how Ti af-
fects the wetting behaviour of the Al surface using SEM
(Figs. 3 and 6), ii) a study of the Ti-rich intermetal-
lic compound development and its structure using XRD
method adjoined to the Al,O; surface with Ti deposition
(Fig. 5) and iii) a radiograph that checked the degree
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Figure 8. Brazed Al,0;-Al joint with Ti coating: Fractured
surface in the Al,Oj; side of the joint brazed at 582 °C for
40 min in a vacuum atmosphere

of joint quality of the brazed part to examine any flaws
(Fig. 7). In order to reinforce the foregoing, an attempt
was made to determine how much load the brazed spec-
imen could withstand. The samples after tensile testing
of the brazed Al,O,/Al lap joints are shown in Fig. 8. It
could be concluded that the inclusion of Ti layer had an
influence on the tensile properties of the brazed joints.
The tensile strength of the brazed joints with and with-
out Ti PVD coating is given in Table 4; meanwhile, the
elongation also had the same change rule, as shown in
Fig. 9. The Ti-coated Al,O;/Al brazed joint had a ten-
sile strength of 29 MPa. All the trials fractures (1, 2 and
3) fracture happened in the alumina substrate away from
the brazed zone due to its brittle nature as shown in Fig.
8 and Table 4. The titanium coating layer enhanced the
wetting and bonding behaviour between alumina and
aluminium filler. The fracture morphology of the alu-
mina substrate in the Ti-coated Al,O,/Al joint displays
a brittle fracture, typically transgranular and intergran-
ular fracturing of the ceramic substrate. For the brazed
Al,0,/Al joint without titanium PVD coating, the alu-
mina peeled off the aluminium base material during the
initial stage of the tensile testing, with no indication of
elongation in the stress-strain curve. This was debond-
ing, not fracture, due to the poor wetting behaviour of
the Al4047 filler intermetallics on the Al,O; surface,
as shown in Fig. 10. This proved that the titanium in-
terlayer and the brazing parameters used were effective
and yielded rewarding results.
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Table 4. Al,O0;/Al joint strength (o) brazed at 582 °C for 40 min in a vacuum atmosphere

Specimen details

Remarks

Brazed Al,O,/Al Specimen 1

joint with Ti PVD  Trial 1 - oy = 25.18 MPa

coating (Fig. 8) Trial 2 - 07y = 26.04 MPa
Trial 3 - 0y = 29.44 MPa

In all the trials (1, 2, and 3), fracture happened in the Al,O, base
material away from the brazed zone due to its brittle nature. The
Ti coating layer enhanced the wetting and bonding behaviour
between Al,O, and Al filler

Al,O,/Al joint Testing Failed due to debonding, not fracture. Al,O, peeled off
without Ti PVD . the Al base material. The Al filler did not bond to the Al,O,
. . Specimen 2 . . : .
coating (Fig. 9) surface because it lacks active metal elements, such as Ti, which
are necessary to improve the wetting behaviour of the ceramics.
30 30 35
25 5 30,
Trial 1: 25.18 MPa Trial 2: 26.04 MPa 2 Trial 3: 29.44 MPa
= 20 < 20 =
g S £
15 g 15 4
g g o1
@ 10 & 10 @
10
H 5 s
o 0 0
o 005 01 015 02 025 03 035 04 045 1] 0.1 0.2 0.4 0.5 0.6 a7 o 0.1 0.2 0.3 04 0.5 0.6 07
Strain Strain Strain

Figure 9. Stress-strain curves of the brazed Al,0,/Al joint with Ti coating: a) trial 1, b) trial 2 and c) trial 3

3.3. Al,O3-Ti interfacial reaction mechanism

The wetting behaviour of the reaction layer formed
along the ceramic-metal interface at the triple line aids
in the spreading of molten active brazes across the
titanium-metallized alumina surface [19]. Titanium ac-
celerates the spreading rate of the Al,O; surface by
forming a reaction compound at the interface. It is ob-
served from the Al,O;/Ti interface that the Ti atoms
have a greater affinity for oxygen. The interaction of
Ti atoms with released oxygen and Al on the Al,O,
substrate develops intermetallic compounds [41]. TiO,
and Ti;Al reaction compounds promote the formation of
the reaction layer in the vicinity of the triple line. The
following equations elaborate on the potential reaction
mechanism [40]:

Oxidation

| +
3Ti+2AlL,0, — 3TiO, + 4 Al
1 1
Reduction
Oxidation

| +
6Ti+ ALO; — 2Ti;Al +30,
| N

Reduction

The idea explores the —2 anion in Al,O, being dis-
placed by the +2 Ti cation in combination with an
oxidation-reduction reaction, which emanates from the
chemical bonding at the ceramic-metal interface. The
electron affinity of Ti is greater compared to that of Al
and O [19]. The atomic radii of the elements correlate
with their affinity to form chemical bonds. When the
number of protons decreases, the nucleus gets less posi-
tively charged. The attraction force between the nucleus
and electrons in the outermost shell decreases, as does
the positive charge. The electrons slack in relation to the
nucleus, which is greatly attracted by the higher-affinity
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oxygen, resulting in a decrease in electron affinity [57].
The titanium inclusion decreases the interfacial tension
with the increase in the work of adhesion on the ceramic
surface at a high level of wetting for the set brazing tem-
perature [58].

The degree of crystallinity of the titanium-rich reac-
tion compounds was assessed from XRD pattern us-
ing the peak deconvolution method [59]. Peak width
broadening and crystallite size have had inverse varia-
tions following the Scherrer equation [60]. A wider peak
indicates smaller crystallite sizes for the ductile inter-
metallics. The crystallinity of the reaction products was
greatly disturbed by lattice imperfections and displaced
atomic arrangements processed at higher temperatures
[61]. The narrow diffractions observed in the peaks of
TiO, and Ti;Al phases (Fig. 5d) correspond to the sub-
stantial crystallinity of the titanium-reacted phases. The
crystallinity increases with oxygen replacement. The in-
termetallic crystallinity decreases with an increase in the
substitution of oxygen and aluminium in the titanium
lattice. This is evident from the progressively reducing
peak intensities.

To comprehend the Al,O,/Ti interface, it is impor-
tant to determine whether the reaction layer forms at
high temperatures or at the solidification stage during
the brazing process. In addition, it is important to un-
derstand how much does the formation of reaction com-
pounds impact reactive wetting. Based on the brazed
CuAg-Ti/alumina system observations, which were ex-
amined at 900 °C, featuring a heating duration extend-
ing from 3 to 600 min, the thickness of the interfacial
reaction layer grows in a parabolic form as a function
of time, and its increase is proportional to the brazing
time [19]. Similarly, a reduction in the coating thick-
ness of the pure titanium was documented concurrently
with the increasing extent of intermetallic formation on
the Al,O; surface during a 40-minute processing period.
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At the experimental temperature, a dense reaction layer
formed on the Al,O, surface for a prolonged brazing
time because Ti interacted strongly with the Al and O.
Creation of Ti-Al-O reaction composites at the Al,O,/Ti
interface while heating at 582 °C stops titanium from
dissolving any further. This maintains the titanium con-
centration below the necessary threshold for a reaction
with the alumina surface [54].

Brazing alumina and aluminium alloy together pro-
duced a thin, ductile Ti-O-Al intermetallic compound
that was about 0.5—1 um thick. This happened at 582 °C
for 40 min in a vacuum. The thickness of the inter-
metallic compound developed by this method was less
than the layer thickness found in the active brazing
experiment with the CuAg-Ti/alumina system [5]. In-
terlayers containing vapour-deposited titanium and an
aluminium-silver-copper alloy filler inhibited the for-
mation of a thicker, more brittle intermetallic compound
between the Al,O, and Al alloys. To achieve optimal re-
sults, it is important to use brazing conditions for a brief
period at high temperatures (above the liquidus temper-
ature) that avoid thicker reaction compound formation
at the interface. The primary objective of the proposed
methodology was to improve the mechanical integrity of
ceramic-metal interconnections by stabilizing the duc-
tility of both Ti and Al fillers. In a successful first at-
tempt, the research initiative into the joining method
demonstrated profound efficacy in bridging the ductile
aluminium filler with the brittle alumina ceramics using
a titanium interlayer for composite assemblies in sensor
feedthroughs.

IV. Conclusions

Ceramic-to-metal joining (Al,0,/Al6061-T6 alu-
minium alloy) was achieved through additive manu-
facturing (AM) technology integrating plasma-assisted
physical vapour deposition (PAPVD) to metallize the
Al, O, surface with Ti, which was brazed using the eu-
tectic Al4047 filler at 582 °C for 40 min in a vacuum
atmosphere.

An intense titanium electron beam of 150eV gener-
ated at 90 A vacuum arc current, produces a dense Ti
coating with no voids. As the focus of the research is on
the Al,O,/Ti interface, the influence of Ti on habituat-
ing wetting through chemical reactions was investigated
by analytical techniques.

It was concluded that the high-affinity titanium ac-
tivates the reaction at the Al,O, surface at high tem-
peratures, which is the cause of reliable bonding at the
interface. The microstructure grows with Ti-rich phases
through the redox reaction process. The interfacial reac-
tion layer thickness of 0.5—-1 um, adjacent to the Al,O,
surface, was identified as TiO, and Ti;Al phases, which
contribute significantly to enhancing the wetting activ-
ity of the ceramic surface.

Chemically stable Al,O, underwent reduction by Ti,
a process substantiated by the thermodynamic reac-
tion at the interface. Ti-coated Al,O,/Al joint fractured

in the ceramic substrate away from the brazed area
at 29 MPa, exhibiting characteristic brittle, transgranu-
lar and intergranular fractures. The brazing method ef-
fectively averts the development of a thick, brittle in-
termetallic compound layer adjoining Al,O; and Al
through the strategic integration of an eutectic alu-
minium filler and plasma-assisted physical vapour de-
position of titanium.
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