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Abstract

This study systematically investigates the microstructure evolution, mechanical properties,
and residual stress distribution in diffusion-bonded joints between Al2O3 ceramic and TC4
alloy. Motivated by the need for reliable high-temperature joints in advanced applications,
this work addresses the challenges posed by the materials’ physicochemical differences.
Joints were fabricated at temperatures ranging from 800 ◦C to 950 ◦C under a pressure of
3 MPa for 2 h. Microstructural characterization revealed the formation of a multi-layered
interfacial structure, dominated by a Ti3Al reaction layer, whose thickness increased with
bonding temperature. The highest shear strength of 54 MPa was achieved at 850 ◦C,
representing a key quantitative outcome of this parameter optimization. Beyond this
temperature, excessive growth of the brittle Ti3Al layer and associated residual stresses led
to strength degradation and interfacial cracking. A three-dimensional finite element model
was developed to simulate residual stress distributions, highlighting significant tensile
stresses within the Ti3Al layer and compressive stresses in the Al2O3 near the interface.
The model further identified critical tensile stress concentrations along the vertical edges of
the ceramic, which contribute to failure during shear testing.

Keywords: diffusion bonding; interfacial microstructure; Al2O3 ceramic; TC4 alloy; shear
strength; residual stress

1. Introduction
The development of high-performance hybrid structures through the integration of

ceramics and metals represents a pivotal challenge in advanced manufacturing, driving
innovation in aerospace, energy, and biomedical sectors. This endeavor is propelled by con-
current advances in several key areas: the precise engineering of interfacial microstructures,
the sophisticated analysis of residual stresses via techniques like nanoindentation and
computational modeling, and the refinement of solid-state joining processes [1–3]. These
collective advancements underscore a central, unresolved challenge: to establish a quantita-
tive and mechanistic understanding of how processing parameters dictate the co-evolution
of interfacial microstructure and the resultant residual stress state in a bonded joint. Moving
beyond empirical optimization to achieve such predictive capability is essential for the
reliable design of ceramic-metal components for demanding service conditions.
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Within this framework, alumina (Al2O3) ceramic and Ti6Al4V (TC4) titanium alloy
are two important high-performance structural materials with complementary characteris-
tics [4–7]. Al2O3 exhibits exceptional hardness, superior wear resistance, excellent chemical
inertness, and remarkable thermal stability. These properties make it particularly suitable
for cutting tools, wear-resistant components, and biomedical implants [8–11]. However,
its inherent brittleness and poor machinability restrict its application in complex struc-
tural designs [12–14]. In contrast, TC4 alloy demonstrates high specific strength, excellent
fracture toughness, good fatigue resistance, and notable corrosion resistance, making it
indispensable in aerospace and biomedical fields [15–19]. Consequently, the integration of
Al2O3 with TC4 enables the creation of hybrid structures that combine the ceramic’s wear
resistance and thermal stability with the alloy’s toughness and manufacturability [20–22].
Such joints are crucial for advanced applications including next-generation aerospace com-
ponents, high-performance tribological systems, and durable medical implants, where the
combination of dissimilar materials is essential for achieving enhanced performance.

Achieving reliable joints between Al2O3 and TC4 faces significant challenges due to
their fundamental physicochemical differences. The fundamental challenge arises from the
exceptional chemical stability of Al2O3, which results in limited chemical reactivity and
prevents the formation of metallurgical bonds with metallic surfaces [23,24]. A more critical
challenge is the coefficient of thermal expansion (CTE) mismatch between the materials.
During cooling from the bonding temperature, this CTE difference induces significant
residual stresses, particularly tensile stresses on the ceramic side of the interface, often
resulting in cracking or reduced load-bearing capacity.

Among various joining methods, brazing and diffusion bonding have proven to be the
most suitable techniques for creating reliable joints between ceramics and metals [25,26]. It
typically employs active filler metals, such as AgCu-based alloys containing Ti [7,12,14,27].
During the process, Ti migrates to the Al2O3 interface, which enables metallurgical reactions
and forms continuous reaction layers. To further improve the joining quality, researchers
also developed composite filler metals when brazing the Al2O3 and TC4. These advanced
fillers, such as those incorporating SiC or B, aim to refine the brazing seam microstruc-
ture through in situ formation of reinforcing phases (e.g., TiC [28–30], Ti5Si3 [31,32], or
TiB whiskers [33,34]), which enhance mechanical properties via mechanisms like crack
deflection and load transfer. However, brazed joints face fundamental limitations in high-
temperature applications due to the inherent low melting points of filler metals [35]. This
thermal instability causes significant reduction in mechanical strength and creep resistance
at elevated temperatures [36]. These challenges necessitate the development of alternative
solid-state joining methods, particularly diffusion bonding, for reliable performance in
high-temperature service environments.

To overcome the inherent limitations of brazing, solid-state diffusion bonding be-
tween Al2O3 and TC4 has been extensively investigated as a promising alternative for
high-temperature applications, primarily by eliminating low-melting-point phases and
enhancing dimensional stability [37,38]. Research has evolved along two main paths: di-
rect bonding, which avoids secondary materials but demands stringent conditions, and
interlayer-assisted bonding using ductile metals (e.g., Cu, Al) to improve atomic interdif-
fusion under milder parameters. For instance, Yang et al. [39] demonstrated that a pure
Al interlayer can significantly lower the required bonding temperature. However, such
low-melting-point interlayers introduce a fundamental trade-off: while facilitating bond-
ing, they often compromise the joint’s high-temperature performance and increase process
complexity. Current research on Al2O3/TC4 diffusion bonding remains largely focused
on parametric optimization, leaving substantial gaps in the quantitative understanding
of interfacial reaction kinetics and the establishment of clear microstructure-property re-
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lationships. Moreover, the critical issue of residual stress arising from thermal expansion
mismatch has received insufficient attention. Conventional experimental techniques are
limited in characterizing stress states within thin interfacial regions, and although finite
element modeling holds great potential, existing studies often oversimplify the interfacial
architecture by neglecting the distinct mechanical role of reaction layers, thereby limiting
predictive accuracy [18,39].

To address these gaps, this study systematically investigates the diffusion bonding
of Al2O3 ceramic to TC4 alloy through an integrated experimental and numerical ap-
proach. The interfacial microstructure and mechanical properties of joints fabricated at
different temperatures are comprehensively characterized, with particular emphasis on
the temperature-dependent co-evolution of the interfacial Ti3Al reaction layer and the
adjacent fine-grained zone within the TC4 substrate. Furthermore, a three-dimensional
finite element model is developed using ABAQUS 2017 software to analyze the residual
stress distribution, explicitly incorporating the reaction layer as a critical constituent to
elucidate its dominant influence on the stress field and joint integrity. This integrated
methodology is designed to establish a fundamental and predictive framework, ultimately
supporting the design of reliable Al2O3/TC4 diffusion-bonded structures.

2. Materials and Methods
The materials used in this study were high-purity Al2O3 ceramic (purity ≥ 99.5%,

Shanghai Fanlian Technology Co., Ltd., China, Shanghai, China) and Ti6Al4V (TC4) tita-
nium alloy (Baoji Titanium Industry Co., Ltd., Baoji, China). The SEM image and XRD
spectrum of the Al2O3 ceramic and TC4 alloys were shown in Figures 1 and 2. The Al2O3

substrates were cut into rectangular blocks of 6 mm × 6 mm × 5 mm using a diamond
cutting machine. The TC4 alloy was machined into specimen of 15 mm × 10 mm × 3 mm
using wire electrical discharge machining. Prior to diffusion bonding, the Al2O3 surfaces
were sequentially ground using diamond grinding disks with grit sizes from 240 to 2000.
The TC4 surfaces were ground with SiC abrasive papers from 400 to 1200 grit. All specimens
were ultrasonically cleaned in acetone for 15 min to remove surface contaminants.

 

Figure 1. Initial characterization of the Al2O3 ceramic substrate. (a) SEM micrograph showing the
surface morphology. (b) XRD pattern confirming the phase purity and α-Al2O3 crystal structure.

The bonding experiments were performed in a high-vacuum hot-pressing furnace
(M60, USA) under a vacuum level better than 5 × 10−3 Pa. The joining assemblies, il-
lustrated in Figure 3a, were subjected to a uniaxial pressure of 3 MPa. The bonding
temperature was varied in the range of 800–950 ◦C with an interval of 50 ◦C, while the
holding time was maintained constant at 120 min for all experiments. Figure 4 shows the
heating process during the bonding. The joining assemblies were heated to 700 ◦C at a rate
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of 20 ◦C/min, held for 10 min, then further heated to the target bonding temperature at
10 ◦C/min. After holding for the designated duration, the joint was cooled to 300 ◦C at a
controlled rate of 5 ◦C/min, followed by furnace cooling to room temperature.

 

Figure 2. Initial characterization of the TC4 alloy substrate. (a) SEM micrograph revealing the α + β

dual-phase microstructure. (b) XRD pattern identifying the constituent phases.

 

Figure 3. Schematic illustrations of the experimental setup. (a) Assembly of the Al2O3 and TC4
specimens for diffusion bonding. (b) Configuration of the shear strength test fixture, showing the
loading direction relative to the bonded interface.

 

Figure 4. Thermal cycle profile used for diffusion bonding, showing the heating rates, holding stages,
and the controlled cooling rate employed in all experiments.

The bonded joints were cross-sectioned perpendicular to the interface and prepared
using standard metallographic procedures. The interfacial microstructure was examined us-
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ing scanning electron microscopy (SEM, FEI Nova 400, Thermo Fisher Scientific, Hillsboro,
OR, USA) equipped with energy-dispersive X-ray spectroscopy (EDS). Phase identification
was performed by X-ray diffraction (XRD, Bruker D8 Advance, Bruker, Billerica, MA, USA)
with Cu Kα radiation. The shear strength of the joints was evaluated at room temperature
using a universal testing machine (Instron 1186, Instron, Norwood, MA, USA) with a spe-
cially designed fixture, as shown in Figure 3b. The crosshead speed was set to 0.5 mm/min,
and five specimens were tested for each bonding condition to ensure statistical reliability.

3. Finite Element Modeling
A three-dimensional finite element model was developed using ABAQUS software

to simulate the residual stress distribution in diffusion-bonded Al2O3/TC4 joints, with a
focus on the influence of the interfacial reaction layer. The model geometry was designed
to correspond exactly to the dimensions of the physical shear test specimens, as illustrated
in Figure 5a. The joint fabricated at 850 ◦C was simplified into three distinct, isotropic
zones: the Al2O3 substrate, a 10 µm thick Ti3Al reaction layer, and the TC4 substrate
(Figure 5b). The interfacial region was simplified to a single 10 µm thick Ti3Al layer
based on microstructural characterization of joints bonded at 850 ◦C (Figure 6). Although
EDS and XRD analyses indicated the presence of additional phases such as TiAl and
TiO2 near the interface, these were either discontinuous or significantly thinner. Since
the continuous Ti3Al layer represents the dominant structural and mechanical feature at
the interface, and because its thermal and elastic properties differ markedly from both
substrates, it was selected as the primary interlayer in the model to capture the essential
effects of interfacial mismatch on residual stress. The influence of other minor phases
on stress distribution is expected to be secondary, though future models incorporating a
multilayered or functionally graded interface could provide further refinement. A finely
refined mesh was applied within and adjacent to the interfacial reaction layer to resolve high
stress gradients, while a coarser mesh was used in the bulk substrate regions to optimize
computational efficiency. The final model consisted of approximately 97,864 elements
and 104,409 nodes. Boundary conditions were defined by constraining three non-collinear
nodes on the TC4 surface to eliminate rigid body motion.

Figure 5. Finite element model for residual stress simulation. (a) Three-dimensional view of the
meshed joint model, corresponding to the shear test specimen geometry. (b) Detailed view of the
simplified interfacial structure implemented in the model, highlighting the distinct material zones:
Al2O3, the Ti3Al reaction layer, and TC4.
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Figure 6. Representative interfacial microstructure of the joint bonded at 850 ◦C. (a) Low-
magnification SEM image showing the overall integrity and distinct microstructural zones in the TC4
alloy. (b) High-magnification view of the multi-layered interfacial reaction zone. (c–f) Corresponding
EDS elemental maps for Ti, Al, V, and O, illustrating the distribution of key elements across the
interface and the limited diffusion of Ti/V into the Al2O3.

Temperature-dependent thermophysical and mechanical properties for Al2O3, TC4,
and Ti3Al were assigned based on literature data [40–43], as summarized in Table 1. The
Al2O3 ceramic was modeled as a linear elastic, brittle solid. In contrast, the TC4 alloy and
the Ti3Al intermetallic layer were modeled as elastoplastic materials.

Table 1. Temperature-dependent thermophysical and mechanical properties of materials.

Materials Temperature
(◦C)

CTE
(10−6/◦C)

Yield
Strength

(MPa)

Young’s
Modulus

(GPa)

Density
(g/cm3)

Poisson’s
Ratio

Al2O3

20 7.1

-

355

3.62 0.27

200 7.2 348
400 7.3 343
600 7.6 333
800 7.8 325

1000 8.0 315

TC4

20 8.82 870 117

4.43

0.32
75 8.90 820 116 0.32
85 8.90 750 116 0.32
100 8.93 340 115 0.32
200 9.08 130 113 0.32
400 9.43 78 107 0.33
600 9.76 54 101 0.33
800 10.1 31 95 0.33

1000 10.4 12 89 0.34
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Table 1. Cont.

Materials Temperature
(◦C)

CTE
(10−6/◦C)

Yield
Strength

(MPa)

Young’s
Modulus

(GPa)

Density
(g/cm3)

Poisson’s
Ratio

Ti3Al

20 9.60 1009 148

4.30 0.32

200 11.19 1135 147
400 12.58 1602 133
600 13.58 1788 112
800 14.19 1497 73

1000 14.40 404 25

Given the significant difference in scale between the furnace chamber and the joint
assembly, a uniform temperature field was assumed throughout the model during the
thermal cycle. The assembly was heated uniformly to the bonding temperature of 850 ◦C,
held for 120 min, and then cooled to room temperature at a constant rate of 5 ◦C/min.
In this research, the residual stresses were assumed to be generated during the cooling
process. The thermal history of the bonding process was applied as a time-temperature
load to all nodes.

Since the bonding temperature (850 ◦C) is lower than the phase transformation tem-
peratures of Al2O3 ceramic, TC4 alloy (beta transus: ~890–925 ◦C) and Ti3Al reaction layer,
the current model assumes that no phase transformation occurs in TC4 alloy during the
bonding cycle. While this simplification is reasonable for the majority of the experimental
conditions presented, it should be noted that bonding temperatures approaching or exceed-
ing 900 ◦C may induce β-phase formation, which could alter the mechanical and thermal
properties of TC4 and consequently affect residual stress distributions. Future models
incorporating temperature-dependent phase transformation kinetics would provide a more
complete description for bonding processes near the transus temperature. The creep is also
ignored. The total strain increment (∆εtotal) of the materials during cooling can be expressed
as Equation (1). The elastic strain is calculated by isotropic Hooke’s law, and the plastic
behavior is characterized by Von Mises criterion [44–46]:

∆εtotal = ∆εe + ∆εth + ∆εpc (1)

where ∆εe is the elastic strain increment; ∆εp is the plastic strain increment; ∆εth is the
thermal strain increment.

4. Results and Discussion
4.1. Typical Joint Microstructure

Figure 6 illustrates the interfacial microstructure of the Al2O3/TC4 joint bonded at
850 ◦C for 2 h under 3 MPa pressure. The joint exhibits excellent bonding integrity with
no detectable cracks or voids. As shown in Figure 6a, three distinct zones are identified
in the TC4 alloy, which are the Interfacial Reaction Zone (I) adjacent to the ceramic, the
Fine Grain Zone (II) exhibiting refined microstructure, and the Coarse Grain Zone (III),
respectively. High-magnification examination of the Interfacial Reaction Zone (Figure 6b)
reveals a complex multi-layered structure resulting from intensive atomic interdiffusion.
The interface comprises two primary reaction phases with distinct morphological charac-
teristics. Phase A, forming as discontinuous acicular features near the Al2O3 substrate,
suggests nucleation-limited growth behavior. Phase B develops as a continuous gray layer
approximately 10 µm thick toward the TC4 side, reflecting enhanced atomic mobility and
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favorable thermodynamic driving forces. Near the reaction layer, the white phase (D) was
formed among the gray matrix (C and E).

The elemental distribution on the reaction zone is examined, as shown in Figure 6c–f,
which indicates that Ti and V predominantly distribute within the reaction layers and TC4
substrate, showing limited diffusion into Al2O3 due to its chemical inertness. Figure 7
represents the elemental distribution along the blue line, which reflects the atomic diffusion
characters around the bonding interface. Within this region, the contents of Ti and V decline
while that of Al increases progressively towards the ceramic, confirming the formation of a
hybrid interface through solid-state diffusion. EDS analysis is conducted in different zones.
Results in Table 2 reveal that Phase A consists of 55.09 at.% Ti, 31.04 at.% Al, 1.19 at.%
V and 11.93 at.% O, and is inferred to be a mixture of TiO2 and TiAl. Phase B consists
of 80.40 at.% Ti, 17.54 at.% Al and 2.06 at.% V, and is inferred to be Ti3Al reaction layer.
Phase C and E are identified as α-Ti based on their high Ti content, whereas Phase D is
determined to be β-Ti due to its similarly high titanium level but with a relatively elevated
V concentration. XRD analysis of the fracture surface was also conducted to provide
definitive phase identification (see Figure 8). The results confirm the presence of TiO2,
TiAl, and Ti3Al compounds, which verified the rationality of the above analysis. Thus, the
overall interfacial structure is characterized as TC4/Ti3Al/(TiO2 + TiAl)/Al2O3.

 

Figure 7. Elemental line scan analysis across the interfacial reaction zone. The plot, taken along the
blue line in Figure 6b, quantitatively shows the concentration profiles of Ti, Al, V, and O, demon-
strating the interdiffusion behavior and the compositional gradient that confirms the formation of a
hybrid interface via solid-state diffusion.

Table 2. EDS analysis results of each point in Figure 6 (at.%).

Spot Ti Al V O Possible
Phase

A 55.09 31.04 1.91 11.93 TiO2 + TiAl
B 80.40 17.54 2.06 - Ti3Al
C 89.34 7.86 2.80 - α-Ti
D 85.74 5.13 9.13 - β-Ti
E 91.53 6.49 1.98 - α-Ti
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Figure 8. Phase identification of the fracture surface. XRD pattern obtained from the fracture surface
of a joint bonded at 850 ◦C, confirming the presence of TiO2, TiAl, and Ti3Al compounds, which
validates the EDS-based phase inferences.

The Fine Grain Zone formation in the TC4 alloy adjacent to the interface results from
coordinated thermomechanical and metallurgical processes. Under the combined influence
of elevated temperature and applied pressure, the TC4 alloy experiences severe plastic
deformation near the rigid ceramic interface, generating a high density of dislocations
that provide abundant nucleation sites for subsequent microstructural refinement [47].
This strain-induced destabilization activates dynamic recrystallization processes, where
new, strain-free grains nucleate and replace the deformed microstructure [48]. Concur-
rently, elemental interdiffusion occurs across the interface. This process is characterized by
aluminum depletion and potential oxygen enrichment in the TC4 alloy [49]. Such composi-
tional changes modify the local phase stability and transformation kinetics. Consequently,
diffusion-controlled phase transformations are activated, further promoting microstructural
refinement in this region. This interplay of strain-induced recrystallization and diffusion-
mediated phase transformations establishes a stable fine-grained region that enhances
joint integrity by facilitating stress accommodation through grain boundary-mediated
deformation mechanisms.

4.2. Microstructure Evolution and Shear Strength of Al2O3/TC4 Joints

The bonding temperature serves as a critical parameter in diffusion bonding, gov-
erning both interfacial microstructure development and resultant mechanical proper-
ties [50]. To investigate its influence on the microstructure evolution and shear strength of
Al2O3/TC4 joints, Al2O3/TC4 joints were fabricated at 800 ◦C, 850 ◦C, 900 ◦C, and 950 ◦C.
Figure 9 illustrates the temperature-dependent interfacial evolution of the joints bonded at
varied temperatures. It reveals that temperature regulates two interdependent aspects of
interfacial architecture: (i) reaction layer growth and (ii) Fine Grain Zone evolution in the
TC4 substrate, which collectively determine joint structural integrity.

Firstly, higher bonding temperature promotes the growth of Ti3Al reaction layer.
Figure 10 shows the thickness of Ti3Al layers at different temperatures. The significant
increase in reaction layer thickness with rising bonding temperature is primarily attributed
to the accelerated atomic diffusion rates. According to the Arrhenius equation (D = D0

exp(−Q/RT)), which describes the kinetics of solid-state diffusion, the diffusion coeffi-
cient D exhibits an exponential dependence on temperature T [51,52]. When the bonding
temperature is low (800 ◦C), the TC4 alloy bonded well with Al2O3, no cracks and pores
were observed at the bonding interface. A thin Ti3Al reaction layer (~6.5 µm) formed at
the interface due to the insufficient atomic interdiffusion. As the bonding temperature in-

https://doi.org/10.3390/met16020189

https://doi.org/10.3390/met16020189


Metals 2026, 16, 189 10 of 18

creases from 800 ◦C to 900 ◦C, the diffusivity of key elements such as Ti and Al is markedly
enhanced, thereby substantially promoting the growth of the Ti3Al reaction layer (corre-
sponding to an increase in D). Thus, when the bonding temperature increases to 850 ◦C and
900 ◦C, the thickness of Ti3Al layer increases to 9.5 µm and 13.4 µm, respectively. However,
since the Ti3Al reaction layer has large CTE mismatch with the Al2O3 ceramic, an exces-
sively thick reaction layer will produce great residual stress at the bonding interface. When
the bonding temperature further increases to 950 ◦C, excessive layer growth combined with
CTE mismatch generates critical residual stresses, initiating interfacial cracking.

 

Figure 9. Influence of bonding temperature on interfacial microstructure evolution. Cross-sectional
SEM images of joints fabricated at (a) 800 ◦C, (b) 850 ◦C, (c) 900 ◦C, and (d) 950 ◦C, illustrating the
concurrent increase in Ti3Al reaction layer thickness and the progressive narrowing/elimination of
the Fine Grain Zone in TC4 with increasing temperature.

Figure 10. Quantitative relationship between bonding temperature and Ti3Al reaction layer thickness,
demonstrating the significant growth of the brittle intermetallic layer with increasing temperature,
which is a key factor influencing residual stress and joint strength.

The formation of the observed interfacial phases, particularly the dominant Ti3Al layer,
can be understood through the underlying chemical reactions and their thermodynamics.
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The primary reaction initiating at the Al2O3/TC4 interface likely involves the reduction in
alumina by titanium, which is a strong reducing agent at elevated temperatures:

3 TiO2 + 4 Al → 2 Al2O3 + 3 Ti (2)

This reaction, while thermodynamically favorable (∆G < 0) in the temperature range
studied, is kinetically constrained in the solid state. It facilitates the transfer of Ti to the
interface and may contribute to the initial disruption of the stable Al2O3 surface, promoting
bonding. Subsequently, the interdiffusion of this liberated Ti (or from the TC4 bulk) with
Al (from both the TC4 alloy and possibly from reduced Al2O3) leads to the formation of
titanium aluminides. The growth of the continuous Ti3Al layer is governed by:

3 Ti + Al → Ti3Al (3)

The large negative Gibbs free energy change (∆G) for Reaction (3) provides a strong
thermodynamic driving force for the formation and growth of the Ti3Al layer. The increase
in bonding temperature significantly increases the diffusion coefficients of Ti and Al,
thereby accelerating the kinetics of Reaction (3), which is consistent with the observed
parabolic growth of the layer thickness (Figure 10). The presence of minor phases such
as TiAl and TiO2 (identified by XRD) suggests local variations in Ti/Al stoichiometry
and oxygen activity, which can be mapped to other regions of the Ti-Al-O ternary phase
diagram. The dominance of Ti3Al over other possible intermetallics (e.g., TiAl, TiAl3)
under our bonding conditions is attributed to the Ti-rich environment provided by the TC4
substrate and the specific temperature range, which thermodynamically favor its stability.
This thermodynamic and kinetic framework explains why the Ti3Al layer becomes the
predominant microstructural feature controlling the joint’s mechanical response.

Secondly, the increased bonding temperature narrows the Fine Grain Zone and pro-
motes grain growth in the TC4 substrate. The progressive narrowing and eventual disap-
pearance of the Fine Grain Zone in TC4 adjacent to the interface with increasing bonding
temperature results from the competition between strain-induced refinement and thermal-
driven coarsening mechanisms. At low temperatures (800 ◦C), the severe plastic deforma-
tion near the interface generates high dislocation density that provides abundant nucleation
sites for dynamic recrystallization, establishing the Fine Grain Zone exceeding 100 µm.
As temperature increases, the enhanced thermal energy activates multiple coarsening
pathways. The accelerated recovery processes substantially reduce dislocation density, di-
minishing the driving force for recrystallization. Simultaneously, increased atomic mobility
promotes rapid grain boundary migration, enabling substantial grain growth. Furthermore,
the homogenization of elemental concentration gradients, particularly the alleviation of
aluminum depletion near the interface, reduces the chemical potential gradients that ini-
tially promoted phase transformation-induced refinement. As a result, when the bonding
temperature increases to 850 ◦C and 900 ◦C, the thickness of the Fine Grain Zone decreases
rapidly to ~60 µm and ~20 µm, respectively. At the highest temperature (950 ◦C), the com-
bined effects of complete recovery and accelerated grain growth ultimately eliminate the
fine-grained region. This microstructural transition indicates that grain refinement, initially
governed by strain-induced recrystallization at lower temperatures, becomes dominated
by diffusion-driven grain growth as temperature increases. The final microstructure of the
joint is therefore determined by the interplay between these two competing mechanisms.

Additionally, for bonding temperatures approaching 900 ◦C and above, the potential
phase transformation of TC4 from α + β to β-phase may further influence interfacial
evolution. The β-phase exhibits higher diffusion coefficients for Ti and Al, which could
accelerate the growth of the Ti3Al reaction layer. However, the concomitant decrease
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in yield strength and change in thermal expansion behavior of the β-phase may also
exacerbate residual stress accumulation and promote interfacial cracking, as observed at
950 ◦C.

The evolution of shear strength with bonding temperature, as presented in Figure 11,
directly correlates with the aforementioned microstructural changes. The shear strength
increased from 33 MPa at 800 ◦C to a maximum of 54 MPa at 850 ◦C. This improvement
is attributed to enhanced atomic diffusion and consequent improvement in interfacial
metallurgical bonding at the elevated temperature. However, a further temperature increase
to 900 ◦C promoted excessive growth of the brittle Ti3Al reaction layer. The significant
coefficient of thermal expansion mismatch between this thick layer and the parent materials
(Al2O3 and TC4) generated considerable residual stresses at the interface, leading to a
reduction in shear strength to 45 MPa. At 950 ◦C, the combined effect of brittle interfacial
phases and high residual stress culminated in the formation of continuous cracks, causing
the shear strength to plummet to only 8 MPa. This result indicates that while higher
temperatures intensify interfacial reactions, excessive thermal heat ultimately degrades
joint integrity.

Figure 11. Effect of bonding temperature on joint shear strength, showing the non-monotonic
relationship, with a peak strength of 54 MPa achieved at 850 ◦C, beyond which strength degrades
due to excessive reaction layer growth and interfacial damage.

4.3. Residual Stress Prediction of the Al2O3/TC4 Diffusion Bonded Joint

During the holding stage of diffusion bonding, pronounced atomic interdiffusion
takes place at the interface between Al2O3 ceramic and TC4 alloy, resulting in the formation
of a Ti3Al reaction layer and a metallurgically sound joint. Subsequent cooling induces
thermal contraction in all constituents. This contraction is differential due to the mismatch
in their coefficients of thermal expansion (CTE), thereby generating significant residual
stresses within the joint.

Figure 12 presents the simulated distribution of residual stresses in the X-direction. The
overall contour plot (Figure 12a) reveals that surface stresses on the substrates are relatively
low, whereas significantly higher stresses are localized around the joint seam. A detailed
view of the X-Z central cross-section (Figure 12b), the bonding surfaces (Figure 12c,e) and
the Ti3Al layer (Figure 12d), confirms a steep stress gradient near the interface. Tensile
stresses are concentrated within the Ti3Al layer and the adjacent TC4 substrate, while
compressive stresses prevail in the Al2O3 ceramic near the interface. The stress magnitude
peaks at the center of the bonding surface and attenuates with increasing distance from
this location. To quantify this spatial variation, stress profiles were extracted along three
vertical lines on the X-Z cross-section: the central line (L1), an intermediate line (L2), and
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a line at the edge of the Al2O3 ceramic (L3). As shown in Figure 13, the profile along L1
shows a peak tensile stress of ~980 MPa within the Ti3Al layer. As the distance from the
Ti3Al layer into the substrates increases, the stress decreases rapidly. In the TC4 alloy, the
stress remains tensile but drops to a peak of ~135 MPa, whereas in the Al2O3 ceramic,
the stress becomes compressive with a peak value of ~−235 MPa. Although the stress
trends along L1, L2, and L3 are similar, the stress values diminish with increasing lateral
distance from the joint center, consistent with the reduced constraint away from the central
region. This characteristic stress distribution originates from the CTE mismatch. Both TC4
alloy and Ti3Al layer have higher CTEs than Al2O3 ceramic. During cooling, their greater
thermal contraction is constrained by the less-contracting ceramic, inducing tensile stresses
in the metal and intermetallic regions. Ti3Al layer, having the highest CTE among the
three, experiences the most severe constraint and thus develops the highest tensile stress.
Compressive stresses in the Al2O3 ceramic arise naturally to balance the tensile field in the
metallic side of the joint. The observed decay in stress magnitude with distance from the
interface and joint center reflects the weakening of this mutual constraint. The distribution
characteristics and trends of the Y-direction stress are essentially identical to those in the
X-direction and are therefore not reiterated here.

Figure 12. Simulated residual stress (X-direction) distribution. (a) Overall stress contour on the joint
surface and symmetry plane. (b) Detailed view of the X-Z cross-section at the joint center. (c,e) Stress
distribution on the Al2O3 and TC4 bonding surfaces, respectively. (d) Stress isolated within the Ti3Al
reaction layer. Images highlight the tensile stress concentration in the Ti3Al layer and the interfacial
stress gradient.

The overall stress distribution on the joint surface (Figure 14a) reveals that significant
tensile stresses are localized on the surface of the Al2O3 ceramic near the bonding interface.
A peak value of ~300 MPa occurring along the vertical edges of the Al2O3 ceramic. In
contrast, the top surface of Al2O3 ceramic and the surface of the TC4 alloy exhibit predom-
inantly low-magnitude compressive stresses, around −20 MPa. The X-Z cross-sectional
view (Figure 14b) further illustrates the internal stress state. Compressive stresses dominate
within the central region of the Al2O3 ceramic and the adjacent TC4 substrate near the
bonding interface. The peak compressive stress exceeding −100 MPa located about 2 mm
above the interface center. Additionally, notable compressive stress develops in the TC4
region close to the outer-surface interface with Al2O3 ceramic. The remaining regions of
the TC4 alloy experience low-level tensile stresses. To systematically evaluate the spatial
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variation in stresses, profiles were extracted along three vertical lines defined on the X-Z
cross-section: the central line (L4), an intermediate line (L5), and a line along the edge of
the alumina ceramic (L6). As shown in Figure 15, the stress remains relatively low from
the upper surface of Al2O3 ceramic to the bottom surface of TC4 alloy along the joint
center (L4). With increasing lateral distance from the center, the stress gradually shifts from
compressive to tensile, and its magnitude rises. Along the outer surface of Al2O3 ceramic
(L6), the tensile stress reaches a peak value of approximately 175 MPa.

Figure 13. X-Stress distributions along the selected lines marked in Figure 12. Stress variation along
vertical lines L1 (center), L2 (intermediate), and L3 (edge) defined in Figure 12b, showing peak tensile
stress within the Ti3Al layer and rapid decay into the substrates.

 

Figure 14. Simulated residual stress (Z-direction) distribution. (a) Overall stress contour on the joint
surface, showing tensile stress concentration along the vertical edges of the Al2O3 ceramic. (b) Stress
distribution on the X-Z central cross-section, revealing compressive stress domains within the Al2O3

and near the TC4 outer interface. (c,e) Stress distribution on the Al2O3 and TC4 bonding surfaces,
respectively. (d) Stress isolated within the Ti3Al reaction layer.
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Figure 15. Z-Stress distributions along the selected lines marked in Figure 14. Stress variation along
lines L4 (center), L5 (intermediate), and L6 (Al2O3 edge) defined in Figure 14b, quantifying the
transition from compressive to tensile stress and the peak tensile stress at the ceramic edge.

The above stress analysis reveals critical features governing joint reliability. In the
X-direction, the highest stresses (up to ~980 MPa) are localized within the Ti3Al reaction
layer, creating a steep stress gradient across its interfaces with both the Al2O3 ceramic and
the TC4 alloy. This gradient manifests as substantial interfacial shear stress. Due to the
inherent brittleness and limited deformability of Al2O3 ceramic, the Al2O3/Ti3Al interface
is particularly susceptible to this shear stress. Excessive thickening of the Ti3Al layer can
elevate the interfacial shear to a level that directly damages the interface, as evidenced by
the cracking observed at the Al2O3/Ti3Al interface in the joint bonded at 950 ◦C. In the
Z-direction, high tensile stresses are concentrated along the vertical edges of the Al2O3

ceramic near the interface, identifying another vulnerable region. During shear testing, the
superposition of this residual tensile stress and the applied load frequently leads to ceramic
fracture at these edges. Consequently, the stress-optimization of Al2O3/TC4 diffusion-
bonded joints must prioritize two key aspects: controlling the thickness and properties
of the Ti3Al reaction layer to mitigate interfacial shear and managing the tensile stress
concentration at the vertical edges of the ceramic. Addressing these factors is essential for
enhancing joint integrity and preventing premature failure.

It should be noted that the actual interface may contain additional intermetallic phases
such as TiAl or oxides like TiO2, which were identified experimentally but not explicitly
included in the present model. These phases, typically thinner and more discontinuous,
may slightly modulate local stress concentrations or fracture paths. However, given that
Ti3Al forms the thickest and most continuous reaction layer, it is expected to dominate the
overall thermo-mechanical behavior of the joint. Future modeling efforts considering a
composite or graded interfacial zone could further elucidate the role of minor phases in
interfacial failure mechanisms.

5. Conclusions
In the present work, Al2O3 ceramic and TC4 alloy were diffusion-bonded under differ-

ent temperatures (800 ◦C, 850 ◦C, 900 ◦C, 950 ◦C) with a fixed pressure of 3 MPa and holding
time of 2 h. The influence of bonding temperature on the interfacial microstructure evolu-
tion and mechanical properties of the diffusion-bonded joints was discussed. The residual
stress distribution in the joints was simulated and analyzed using a three-dimensional
finite element model. The main conclusions were drawn as follows:

(1) Reliable diffusion bonding of Al2O3 ceramic to TC4 alloy was achieved. The interfacial
microstructure consists of a Ti3Al reaction layer and a fine-grained region within the
adjacent TC4 substrate. With increasing bonding temperature, enhanced atomic

https://doi.org/10.3390/met16020189

https://doi.org/10.3390/met16020189


Metals 2026, 16, 189 16 of 18

interdiffusion promotes the growth of the Ti3Al layer, while the fine-grained zone
progressively diminishes due to the dominance of grain growth over strain-induced
refinement at elevated temperatures.

(2) The joint shear strength shows a strong dependence on bonding temperature, attaining
a maximum value of 54 MPa at 850 ◦C. Beyond this temperature, excessive thickening
of the brittle Ti3Al reaction layer leads to pronounced residual stresses and interfacial
cracking, resulting in significant degradation of mechanical performance.

(3) Finite-element simulations confirm that residual stresses originate primarily from
the CTE mismatch among Al2O3, Ti3Al, and TC4. The Ti3Al layer experiences the
highest tensile stress in the X-direction (~980 MPa), whereas the Al2O3 ceramic near
the interface is subjected to compressive stresses. In the Z-direction, tensile stress
concentrations are localized along the vertical edges of the ceramic, representing
potential sites for crack initiation during mechanical loading.

(4) These findings highlight the necessity of balancing interfacial reaction layer growth
with residual stress control in the design of Al2O3/TC4 joints. Optimizing the bond-
ing temperature to regulate the Ti3Al layer thickness, together with geometrical or
processing strategies to alleviate edge stress concentrations, is essential for improving
the structural integrity and reliability of such hybrid joints.
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