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Hybrid Brazing-Adhesive Bonding of Al/Ti Dissimilar
Joints Enabled by Resistance Spot Welding

Microstructure evolution and bonding mechanisms are characterized, and the
mechanical performance of joints produced by several methods is evaluated

BY M. HAMRAH AND M. POURANVARI

Abstract

Joining dissimilar materials, such as aluminum
and titanium, through fusion-based techniques
presents difficulties because of their considerable
differences in physical properties and metallurgical
incompatibility. This research employed a hybrid
bonding method for joining aluminum and titanium
by integrating adhesive bonding with metallurgical
joining at the solid titanium and liquid aluminum
interface, utilizing resistance spot welding. The
experimental findings indicated that this hybrid
bonding method greatly enhances the load-bearing
capacity and energy absorption performance of
AAG6061/Ti-6Al-4V joints compared to conventional
resistance spot welding.
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Introduction

The concept of multi-material design in manufacturing is
apivotal strategy that focuses on choosing the most suitable
materials for each part of an assembly according to specific
service demands. This approach is fundamentally linked to
the practice of dissimilar metal welding (Ref. 1). However,
the weldability of dissimilar metals is significantly affected
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by discrepancies in their physical properties, including
melting points, coefficients of thermal expansion, thermal
conductivity, and electrical resistivity, along with potential
metallurgical incompatibilities (Refs. 1-7).

The joining of aluminum and titanium (Al/Ti), which is
essential for lightweight design concepts in various trans-
portation systems, faces challenges due to two key factors:

1. There are significant differences in their physical prop-
erties. These differences include melting points (660°C for
Alvs.1668°C for Ti), electrical resistivity (0.028 pQ.m for Al
and 0.42-0.52 uQ.m for Ti), thermal conductivity (234 W/
mK for Al vs. 16 W/mK for Ti), thermal expansion coefficient
(23.6 x10°°1/K for Al vs. 8.6 x 10°°1/K for Ti) (Ref. 8); and

2. Metallurgical incompatibility (i.e., very limited solid solu-
bility), resulting in the formation of intermetallic compounds
(e.g., TiAl and TiAl,) at the joint interface (Refs. 9-13).

Joining aluminum and titanium through dissimilar met-
allurgical methods can be accomplished via three types of
interfaces: solid/solid interface (such as friction stir welding
[Ref. B]), solid/liquid interface (like laser brazing [Refs. 10,
11] and resistance spot welding [Refs. 12, 13]), and liquid/
liquid interface (i.e., fusion welding [Ref. 9]). However, the
formation of intermetallic compounds often weakens the
joints produced by these techniques (Refs. 9-13). To mitigate
this issue, adhesive bonding can be a joining method com-
plementary to metallurgical bonding. Additionally, adhesive
bonding offers two key advantages in lap joint applications:
uniform load distribution and reduced stress concentration
(Refs.14-16). Despite these benefits, adhesive bonds gen-
erally exhibit lower resistance than welded joints to normal
and peeling forces (Ref.17). A hybrid joining approach, com-
bining metallurgical and adhesive bonding, can leverage the
strengths of both methods.

Recently, hybrid techniques for joining dissimilar metals
have gained considerable attention. For example, Liu et al.
(Ref.18) reported that laser weld-bonding of Al/Mg dissimilar
joints, which integrates laser fusion welding with adhesive
bonding, increased joint strength by over 30 times compared
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Fig. 1 — Macrostructure of Al/Ti joints made using: A — Resistance spot welding; B — hybrid joining combining

resistance spot welding and adhesive bonding.

to brittle, low-strength laser-welded joints plagued by coarse
intermetallic compounds. Miyamoto et al. (Ref.19) demon-
strated that combining adhesive bonding with resistance
spot welding for Al/steel joints improves corrosion resistance
due to the sealing effect of the adhesive. Kang et al. (Ref.
20) found that adding adhesive bonding to resistance spot
welding increased porosity in the melt zone. While the melted
zone size expanded, the tensile-shear peak load remained
similar to conventional spot welding. Chen et al. (Ref. 21)
achieved a 2.3-fold increase in tensile-shear strength for
Al/steel joints by implementing a two-step weld-bonding
process (pre-cleaning followed by welding) and using a multi-
step face electrode. Furthermore, resistance element welding
(REW) and resistance rivet welding (RRW) are cost-intensive
mechanical-metallurgical hybrid techniques developed for
joining dissimilar metals, such as Al and Ti (Refs. 22, 23). In
REW, atitanium rivetisinserted into a pre-drilled hole in the
Al sheet then resistance-welded to the Ti sheet, effectively
transforming the jointinterface into a similar material region
(Ref. 22).In contrast, RRW eliminates the need for pre-drilling
and instead forms a localized molten nugget composed of
mixed Al and Ti, which helps reduce the formation of brittle
intermetallic compounds at the interface (Ref. 23).

Given the limitations of resistance spot welding (RSW)
in producing high-strength Al/Ti dissimilar joints (Ref. 12),
this study explored a hybrid joining strategy that integrated
adhesive bonding (AB) with RSW. In this approach, RSW
supplied the required thermal input. At the same time, joint
formation primarily occurred via a solid-liquid reaction (i.e.,
a brazing mechanism) at the Al/Ti interface, synergistically
complemented by adhesive bonding, hereafter termed hybrid
brazing-adhesive bonding (HB). The microstructure evolu-
tion and bonding mechanisms were characterized, and the
mechanical performance of joints produced by RSW, AB,
and HB was evaluated.

Materials and Methods

This work utilized AA6O61-T6 aluminum sheets with a thick-
ness of 2mm and Ti6AI4V titanium sheets measuring 1.5 mm
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inthickness as the base materials. The chemical composition
of the AA6061-T6 aluminum alloy was Al-1.12Mg-0.605Si-
0.357Fe-0.263Cu (in wt-%), while the Ti6Al4V alloy comprised
Ti-6.4Al-4.2V-0.05Fe-0.02Cu (in wt-%). The AA6061-T6 alloy
exhibited a tensile strength of 282 MPa and a total elonga-
tion of 17%, whereas the Ti6Al4V alloy demonstrated a tensile
strength of 1090 MPa with an elongation of 10%.
Rectangular specimens with dimensions of 100 mm x
25 mm were fabricated for joint fabrication experiments
in accordance with AWS D17.2, Specification for Resistance
Welding for Aerospace Applications (Ref. 24). Athree-stage
cleaning process was implemented to ensure consistent
surface cleanliness and optimal bonding conditions. This
approach involved the initial degreasing of the specimen
surfaces using acetone to eliminate contaminants. Subse-
quently, scratch brushing was performed to remove oxide
layers, followed by a final degreasing step using acetone.

We employed three distinct methods for joining the dissim-
ilar materials AA6061 and Ti6Al4V: resistance spot welding,
adhesive bonding, and hybrid-bonding. Each method was
carried out as follows:

1. Resistance spot welding: The RSW process was executed
using a PLC-controlled, 100 kVA AC pedestal RSW machine. A
45-deg truncated cone electrode, classified as RWMA Class
2, with an 8-mm face diameter, was employed for the oper-
ation. The welding parameters included a squeeze time of
0.5 s, awelding time of 0.17 s, a welding current of 13 kA, a
post-current electrode holding time of 0.17 s, and an elec-
trode force of 5 kN.

2. Adhesive bonding: For the adhesive bonding process,
we utilized Bylapox 3125 HV, a solvent-free two-component
epoxy resin adhesive enhanced with rubber forimproved per-
formance. Prior to application, the epoxy resin and hardener
were combined in equal proportions (1:1 ratio). The adhesive
was carefully applied to the overlapping area of the sheets,
measuring 25 x 25 mm. To promote optimal bonding, pressure
equivalentto that used in resistance spot welding was exerted.
The specimens were then placed in alow-temperature furnace
under controlled curing conditions, where they were heated
to 200°C for 15 min, followed by a gradual cooling period.
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Fig. 2 — Microstructure of dissimilar Al6061/Ti-6Al-4V resistance spot welds: A-B — Melt zone in Ti-6Al-4V
sheet showing the columnar grain formation (Fig. 2A) and martensitic microstructure within the grains (Fig.
2B). A dark band is visible along the interface due to differential etching response between the base metals
and the interfacial region. This feature is not a crack or unbonded zone; the interface remained metallurgically
continuous, as confirmed by the higher magnification micrograph shown in Fig. 3A. C-D — melt zone in AAGOG1

sheet showing its dendritic microstructure.

3. Hybrid-bonding: In this process, adhesive was first
spread over the surfaces of the sheets, followed by resis-
tance spot welding executed with identical parameters to
those utilized in the RSW method. During the squeeze time,
the electrode force displaced the adhesive layer at the joint
interface, enabling direct metallic contact between the
substrates. This established a conductive pathway for the
electric current required for resistance welding, while the
remaining adhesive layer continued to enhance joint integ-
rity through adhesive bonding. Ultimately, the assembled
joint was subjected to curing at a temperature of 200°C for
a duration of 15 min.

The mechanical properties of joints produced by resistance
spot welding, adhesive bonding, and hybrid-bonding were

assessed through tensile-shear testing in accordance with
AWS D17.2. The tests were conducted at a crosshead speed
of 2 mm/min. Load-displacement curves were recorded,
and key parameters, such as peak load and failure energy
(calculated as the area under the load-displacement curve up
tothe peak point), were extracted. The reported mechanical
property values represented the average of two independent
measurements. Additionally, the failure modes of the spot
welds were analyzed by examining the fracture surfaces.

The metallurgical characteristics of both resistance spot-
welded and hybrid-bonded joints were analyzed using light
optical microscopy. Metallographic specimens were prepared
inaccordance with standard procedures. For macrostructural
analysis, the samples were etched with a solution consisting
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Fig. 3 — Al/Ti joint Interface: A — LOM micrograph demonstrating continuous bonding between Al and Ti; B — LOM
micrograph illustrating the microstructure of the heat-affected zone (HAZ) on the Ti side near the joint interface;
C — high-magnification SEM backscattered electron (BSE) image revealing the formation of an ultra-thin
intermetallic compound (IMC) layer at the joint interface; D — x-ray elemental map of the joint interface.

of 2gNH, HF,, 25 mL ethanol,and 100 mL distilled water. For
microstructural analysis, the AA60O61 and Ti-6Al-4V sides
were etched separately using distinct solutions. The AA6061
side was etched with a solution containing 4 g KMnO,, 1 g
NaOH, and 100 mL distilled water. In contrast, the Ti-6Al-4V
side was etched with the same solution used for macro-exam-
inations, which was composed of 2 g NH,HF , 25 mL ethanol,
and 100 mL distilled water.

Results

Microstructure

Figure 1A shows the macrostructure of the dissimilar Al/
Ti resistance spot-welded joint, while Fig. 1B presents the
macrostructure of the Al/Ti hybrid-bonded joint. In both
cases, metallographic analysis confirmed the presence of ~ FI§. 4 — Void and crack formation at the joint
two distinct melt zones: melt zone |, located in the aluminum  (nterface of Al/Ti resistance spot weld.
alloy, and melt zone II, within the titanium alloy. Notably, the
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Fig. 5 — Mechanical properties of Al/Ti joint: A — Load-displacement curves; B — peak load and energy absorption
of the joint made using resistance spot welding (RSW), aclhesive boncing (AB), and hybrid-bonding (HB).

lengths of the solid/liquid interface, which influenced the
load-bearing capacity of the joints, were 7.4 mm for the Al/
Ti RSW joint and 7.5 mm for the HB joint.

Figure 2A shows the microstructure of the melt zone within
the titaniumalloy in the Al/Ti RSW joint, where the presence of
large columnar grains in the center of the titanium sheet con-
firmed that melting occurred during welding. The formation
of large columnar grains was influenced by the large thermal
gradient during the solidification of the melt zone. Figure 2B
presents the same region, revealing the development of a
martensitic structure in the titanium melt zone, which was
attributed to the rapid cooling rate associated with RSW.
In the aluminum sheet, Fig. 2C displays a cap-shaped melt
zone formed in the AA6061 alloy, while Fig. 2D shows the
dendritic microstructure within this melt zone, confirming
the processes of melting and re-solidification.

It is important to note that the dark contrast observed
along the joint interface in Fig. 2A is an etching-induced
artifact and not indicative of any physical discontinuity or
defect. This band resulted from differential etching behavior
between the Al, Ti,and the interfacial region. As shown in the
higher-magnification micrograph in Fig. 3A, the interface
remained almost continuous and free of cracks or unbonded
regions, confirming the integrity of the joint.

It is noteworthy that, as shown in Fig. 2A, the melt zone
on the Ti side— characterized by a columnar grain struc-
ture — did not extend to the joint interface. A narrow band
existed between the Ti melt zone and the interface, which
did notundergo melting and resolidification during welding.
Figure 3A presents alight optical micrograph of the Al/Ti joint
interface, providing a more-detailed view of this region. The
titanium adjacent to the interface exhibits a distinct etching
contrastrelative to the melt zone, indicating that it remained
in the solid state throughout the joining process. This con-
firms that the Ti/Al interface formed between solid titanium
and molten aluminum. Figure 3B offers a higher-magnifica-
tion image of the narrow band separating the Ti melt zone
from the jointinterface. This region displayed microstructural
features typical of a heat-affected zone (HAZ): thermally

altered but not melted. Consequently, a liquid/solid inter-
face was established at the Al/Ti boundary, where molten
aluminum met solid titanium.

Figure 3C displays a high-magnification backscattered
electron SEM image of the joint interface, revealing a contin-
uous, ultra-thin reaction layer with an average thickness of
approximately 200 nm. Figure 3D provides an x-ray elemental
map of the same region, highlighting a narrow transition zone
between AA6061 and Ti-6Al-4V. Based on the morphology
and contrast, this layer was likely an intermetallic compound
(IMC) formed through an in-situ reaction between molten
aluminum and solid titanium. However, further characteriza-
tion using high-resolution techniques, such as transmission
electron microscopy (TEM), would be necessary to confirm
the exact phase composition and crystallography of this
interfacial layer.

It should be noted that while a crack-free bond was formed
at the Al/Ti interface, some voids were formed at the joint
interface. Figure 4 shows the Al/Ti RSW joint interface,
indicating the presence of avoid at the joint interface. Addi-
tionally, microcracks were found near these voids.

Mechanical Properties

Figure 5A shows the typical load-displacement behav-
ior of dissimilar Al/Ti joints. Figure 5B compares the peak
load and energy absorption capabilities of these different
joint types. The results clearly demonstrated that resistance
spot-welded joints exhibited the weakest mechanical per-
formance, showing both the lowest peak load and minimal
energy absorption capacity among all joint types examined.

HB and AB joints exhibited peak loads of14.44 + 0.28 kN
and 1415 + 0.02 kN, respectively. However, this difference
was not statistically significant (p = 0.19), indicating that the
peakload values of HB and AB joints were statistically similar.

The energy absorption values for the hybrid-bonded and
adhesively bonded joints were measured to be 2718 + 5.26 J
and17.65 + 1.49 J, respectively. Although the HB joints exhib-
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Fig. 6 — Failure of Al/Ti joints: A — Resistance spot welds; B — adhesive bonds; C — hybrid bonds.

ited a higher mean energy absorption, the difference was not
statistically significant (p = 0.13), primarily due to the small
sample size and high variability within the HB group. As aresult,
it must be concluded that the energy absorption capacities of
the HB and AB joints were statistically indistinguishable based
on the current dataset. To evaluate the practical significance
of the observed difference, Cohen’s d effect size was calcu-
lated. Cohen’s d is a standardized metric that quantifies the
magnitude of the difference between two means, independent
of sample size (Ref. 25). Conventionally,a Cohen’s d of 0.2is
considered a small effect, 0.5 medium, and 0.8 or greater a
large effect (Ref. 26). This study obtained a Cohen’s d of 2.3,
indicating a large effect size. This suggests that the observed
difference in energy absorption may be practically meaningful
despite the lack of statistical significance. Notably, both HB
samples consistently exhibited higher energy absorption than
their AB counterparts. Itisimportant to differentiate between
statistical significance (as measured by p-value) and practi-
cal significance (as measured by effect size). While a p-value
assesses the probability that an observed difference could
arise by chance, Cohen’s d provides insight into the strength
of that difference regardless of sample size. In this context,
the large effect size strongly favors the HB joints in terms of
energy absorption performance. Nonetheless, further testing
with alarger number of replicates is necessary to validate the
reliability and reproducibility of this trend.
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Fig. 7 — SEM micrograph of the fracture surface of
Al/Ti resistance spot welds which failed along the
joint interface during the tensile-shear loading. The
presence of void and crack is evident on the fracture
surface.
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Fig. 8 — SEM analysis of the fracture surface in the Al/Ti hybrid-bonded (HB) joint: A — Overview of the Ti side;
B — detailed view of the metallurgical bonding zone (MBZ) on the Ti side; C — overview of the Al side; D —
detailed view of the MBZ on the Al sicle. The fracture surface reveals four distinct regions, including fracture
within the metallurgical bonding zone (MBZ), adhesive-free zone, and heat-affected adhesive-degracled zone,
and failure of the acdhesive-bonded zone. Pores, voids, and cracks are evident on the fracture surface.

Failure Modes

Understanding failure modes is crucial for assessing the
integrity of joints. This section delves into the various fail-
ure modes identified in resistance spot-welded, adhesive
bonded, and hybrid-bonded joints as observed during ten-
sile-shear testing:

m Failure Mode of RSW Joints: Resistance spot-welded
joints typically exhibit two main types of failure: interfacial
failure and pullout failure (Ref. 27). Interfacial failure occurs
when the fracture occurs along the boundary between the
two sheets. In contrast, pullout failure happens when the
weld nugget separates from one of the sheets under load.
Figure 6A demonstrates the interfacial failure mode in the
Al/Ti RSW joint. Voids are visible at the fracture surface (i.e.,
joint interface). Additionally, expelled material is visible on
the fracture surface, asillustrated in Fig. 6A. Figure 7 shows

the SEM fractography, indicating the presence of voids and
cracks on the fracture surface.

m Failure Mode of AB Joints: In adhesive-bonded joints
subjected to tensile-shear forces, two primary failure modes
are usually observed: adhesive failure and cohesive failure.
Adhesive failure occurs at the interface between the adhesive
and one of the adherend materials, while cohesive failure
referstoarupture occurring within the adhesive itself (Refs.
14,17). The manner in which adhesive-bonded joints fail is
influenced by the interplay between the adhesion strength at
the adhesive/substrate interface and the inherent strength
of the adhesive layer. A detailed analysis of the fracture
surface inthe Al/Tiadhesive-bonded joint revealed a mixed
adhesive/cohesive failure mode, as depicted in Fig. 6B. The
proportions of each failure mode were quantified on both
fracture surfaces using ImagedJ software. Adhesive failure
accounted for 36.9 +10.3% on the Tiside and 56.6 + 8.6%
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onthe Al side, while cohesive failure within the adhesive layer
constituted 7.4 +1.5%.

= Failure Mode of HB Joints: The fracture surface of the
dissimilar Al/Ti hybrid-bonded (HB) joint is illustrated in
Fig.6C. Figure 8 presents SEM fractography of the Al/Ti HB
joint, with Figs. 8A and B showing the Ti side and Figs. 8C
and D showing the Al side. As shown in Fig. 8D, the fracture
surface exhibited the presence of pores, voids, and cracks.
As depicted in Figs. 8Aand C, the fracture surfaces revealed
four distinct regions:

1. Fracture in the metallurgical bonding zone: characterized
by interfacial failure within the brazed region.

2.Adhesive-free zone: Aregion where the adhesive is dis-
placed from the weld area due to the electrode force applied
during the squeeze time.

3. Heat-affected degradation zone: A zone within the adhe-
sive layer where the adhesive has decomposed or degraded
due to excessive heat generated during RSW.

4, Adhesive bonding failure zone: exhibiting a mixed adhe-
sive/cohesive failure mode.

Discussion

Melting Phenomena and Joining
Mechanism

The microstructural analysis of the dissimilar Al/Ti RSW
and HB joints revealed two distinct melt zones: a central melt
zone with columnar grains (Fig. 2A) and martensitic trans-
formation (Fig. 2B) in the middle of the Ti-6Al-4V sheet and
a cap-shaped melt region (Fig. 2C) with dendritic structure
in the AA6061 aluminum alloy side (Fig. 2D). A continuous,
ultra-thin reaction layer approximately 200 nm thick was
observed at the Al/Tiinterface (Fig. 3C). These observations
highlight the complex thermal and metallurgical interactions
that occur due to the contrasting physical properties of alu-
minum and titanium.

1. Melting in Ti sheet: The formation of a large melt zone
in the Ti-6Al-4V sheet, despite its high melting point, could
be attributed toits high electrical resistivity and low thermal
conductivity, which led to localized heat accumulation under
the applied welding current.

2. Melting in Al sheet: The melting of the AA6061 sheet,
despite its lower resistivity, resulted from the conductive
heat transfer from the hot titanium sheet. It is noteworthy
that when welding similar Al/Al materials with a current of 13
kA, noweld nugget forms due to the low electrical resistivity
of the aluminum. In contrast, during the Al/Ti RSW process,
the AA6061 sheet underwent melting. The Ti-6Al-4V sheet is
the primary heat source in dissimilar Al/Ti welding. A thermal
gradient across the joint thickness facilitates heat transfer
from the Ti-6Al-4V sheet to the aluminum sheet through
conduction. This heat transfer is further amplified by the
high thermal conductivity of aluminum, which, combined
with its lower melting point, causes the aluminum to melt.

3.Joining mechanism: Asillustrated in Figs. 3Aand B, the Ti
sheet remained solid at the Ti/Al interface. This phenomenon
occurred because the aluminum sheet acted as a heat sink,
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preventing the titanium from melting at the interface. As a
result, a liquid/solid interface formed between the molten
aluminum and the solid titanium. During the joining process,
the molten aluminum spread across the solid titanium sheet,
suggesting that metallurgical bonding between aluminum
and titanium in RSW occurs through a brazing mechanism.

4, Jointinterface: The ultra-thin reaction layer observed at
the Al/Tiinterface was likely an intermetallic compound (IMC)
layer that played a critical role in joint formation. Although
direct confirmation via TEM is not available, prior studies
(Refs. 10, 11, 28-30) on Al/Ti dissimilar joints suggest that
IMC formation is plausible. When solid Ti comes into contact
with molten Al during joining, Tiatoms begin to dissolve and
diffuse into the molten Al. However, the solubility of Tiin liquid
Alis extremely low, so the Al rapidly becomes saturated with
Ti. Once this saturation limit is exceeded, excess Ti atoms
react with Al to form anin-situ solid IMC layer. According to
the Al-Ti phase diagram (Ref. 31), TiAl, is the most thermody-
namically favorable phase to form under Al-rich conditions. In
RSW, the rapid thermal cycle and, consequently, the limited
time for solid/liquid reaction, restricts the growth of this
layer, resulting in an extremely thin IMC. While this thin layer
may aid metallurgical bonding, its intrinsic brittleness can
still impair mechanical performance.

5. Defect formation: The voids formed at the joint interface,
particularly in the solid-liquid contact zones (see Figs. 4,7,and
8), suggest insufficient wetting of the solid Ti by the molten Al
and a potential localized lack of metallurgical bonding. Such
defects are detrimental to mechanical performance, espe-
cially under tensile-shear loading. Additionally, the expulsion
of molten Al can also lead to the formation of voids at the
jointinterface. Notably, in the case of HB joints, the presence
of residual adhesive at the interface can increase suscepti-
bility to molten metal expulsion and the associated defect
formation. Furthermore, short microcracks were observed
near these voids (see Figs. 4 and 7). The formation of cracks
near voids was likely due to differential thermal contraction
during cooling. The mismatch in the coefficient of thermal
expansion between Al and Ti generated significant thermal
stresses during solidification and cooling, which can initiate
and propagate cracks in regions of stress concentration,
such as void boundaries. These thermal stresses are further
intensified under the rapid solidification conditions charac-
teristic of RSW, particularly where bonding is non-uniform.

Key Factors Influencing Mechanical
Performance

The mechanical behavior of Al/Tijoints produced by resis-
tance spot welding, adhesive bonding, and hybrid-bonding
is governed by the interplay between bonding mechanisms,
interfacial integrity, and failure characteristics. This section
integrates the analysis of tensile-shear results, observed fail-
ure modes, and the key factors controlling joint performance.

Among the three joining methods, RSW joints exhibited the
weakest mechanical performance, characterized by the lowest
peakload and limited energy absorption capacity, along with
a distinct interfacial failure mode. This inferior behavior was
primarily attributed to two key factors: the suspected forma-
tion of brittle intermetallic compounds at the joint interface



and the presence of voids. These brittle phases, if present,
can severely compromise the toughness of the interface. In
combination with interfacial voids, these features disrupt met-
allurgical bonding and create local stress concentrators that
facilitate crack initiation and propagation, ultimately leading
to premature failure under mechanical loading.

The HB joints demonstrated significantly superior mechan-
ical performance compared to the RSW joints, exhibiting
approximately 2.9-times greater load-bearing capacity and
more than 20-times higher energy absorption. Thisimprove-
ment arose from three key mechanisms:

1. The adhesive layer provided intrinsic bonding strength
and was the primary load-bearing component.

2. The adhesive promoted uniform stress distribution
across the overlap area, reducing stress concentrations and
delaying the onset of failure.

3. The RSW process supplemented this by generating
localized metallic bonding at the Al/Ti interface through a
brazing mechanism.

Fractographic analysis revealed that the HB joints exhib-
ited mixed-mode failure, including adhesive, cohesive, and
localized interfacial fracture regions. These complex failure
pathsindicated multiple crack-arrest mechanisms and pro-
gressive damage accumulation, which together contributed
to the elevated energy absorption capacity of the joint. This
contrasted with the primarily interfacial failure observed in
the RSW joints, which suggests brittle fracture with minimal
plastic deformation.

The mechanical comparison between the ABand HB joints
showed statistically similar peak load values, despite the
additional metallurgical bonding introduced by RSW in the
HB joints. This similarity can be explained by the competing
effects associated with RSW:

1. Positive contribution: The solid/liquid reaction at the
jointinterface enhances the load-bearing capacity by forming
a metallurgical bond between the aluminum and titanium
sheets.

2. Negative contribution: The epoxy adhesive undergoes
thermal degradation due to the heat generated during
resistance spot welding, which reduces its effectiveness in
contributing to the overall load-bearing capacity of the joint.
This explains the limited peak load improvement despite
the metallurgical bond, as the load-bearing capacity of the
adhesive was compromised.

These opposing effects — strengthening via metallurgical
bonding and weakening due to adhesive degradation — likely
offset each other, leading to the observed parity in peak load
between the HB and AB joints.

While the peak load capacities of the AB and HB joints were
similar, the energy absorption values revealed a potentially
meaningful distinction. The HB joints consistently exhibited
higher energy absorption (2718 + 5.26 J) than the AB joints
(17.65 £ 1.49 J), even though the difference did not reach
statistical significance (p = 0.13). This lack of significance
was likely attributable to the limited sample size and inher-
entvariability in the HB group. However, the large Cohen’s d
value of 2.3 indicated a large effect size, suggesting a strong
practical difference between the two joint types. Therefore,
despite the limited statistical confidence, the observed trend

and large effect size highlight the mechanical toughness
advantage of HB joints, particularly for applications demand-
ing high energy absorption. Future studies with larger sample
sizes and reduced variability are recommended to confirm
this trend and establish statistical robustness.

It is worth noting that the metallurgical bond formed in
HB joints primarily enhances resistance to normal (tensile)
stresses at the Al/Ti interface, whereas the adhesive layer
predominantly resists shear loading (Ref. 32). To fully elu-
cidate this combined behavior, future investigations should
incorporate cross-tension or coach-peel testing to assess
joint response under different stress states.

Several key aspects must be optimized to improve the
mechanical performance and reliability of hybrid-bonded
Al/Tijoints. The observed high incidence of adhesive failure,
particularly on the aluminum side, suggests that the bonding at
the adhesive/substrate interface was weaker than the cohesive
strength of the adhesive itself. In contrast, the limited cohesive
failure indicates that the bulk adhesive possessed adequate
intrinsic strength, making interfacial adhesion the primary
limiting factor in joint performance. Interfacial adhesion is
strongly influenced by surface preparation (Refs. 33-35).
This study applied a three-stage surface treatment to both
substrates: initial degreasing with acetone to remove organic
contaminants, mechanical abrasion via scratch brushing to
disrupt and remove the native oxide layer, and a final ace-
tone degreasing step to ensure surface cleanliness. While
this approach effectively eliminates surface contamination
and increases roughness, promoting mechanical interlock-
ing may not be sufficient to create a chemically stable and
adherent oxide layer on the aluminum surface. Due to the ten-
dency of aluminum to rapidly reform a native oxide layer after
abrasion, the resulting oxide may be non-uniform or loosely
bonded, contributing to interfacial weakness. To overcome
this limitation, more advanced surface treatments, such as
phosphoric acid anodizing, could be employed to produce a
porous, chemically stable oxide layer that enhances adhesive
bonding on the aluminum side (Ref. 36). Second, the thermal
effects of the resistance spot welding process must be care-
fully managed. Excessive heat input can lead to expulsion and
thermally degrade the adhesive, leading to unbonded zones
within the joint. Third, the HB joint exhibited a higher standard
deviation in energy absorption, reflecting its greater sensitiv-
ity to process control. Tight process control and consistent
adhesive application will reduce defect rates and improve
reproducibility.

Conclusions

This work demonstrated that metallurgical bonding
between AA6061 aluminum alloy and Ti-6Al-4V titanium alloy
can be achieved through resistance spot welding, primarily
via a solid-liquid interaction at the interface resembling a
brazing mechanism. However, the resulting RSW joints exhib-
ited limited mechanical performance, with low peak load and
poor energy absorption. A hybrid-bonding approach — com-
bining RSW with adhesive bonding — significantly enhanced
mechanical performance, increasing peak load and energy
absorption by 2.9 and 20 times, respectively, compared to
conventional RSW joints. Further improvements in hybrid
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joint performance may be achieved by enhancing interfacial
adhesion through advanced surface preparation techniques
and minimizing thermal degradation of the adhesive during
welding; for example, by optimizing welding parameters or
employing heat-resistant adhesives.
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