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Abstract

Achieving strength–ductility synergy in immiscible Ti/Mg laminated composites remains
challenging, owing to the absence of metallurgical bonding and the limited slip systems
of their hexagonal close-packed (HCP) structures. This study aims to achieve a favor-
able strength–ductility balance in immiscible Ti/Mg laminated composite plates via low-
temperature annealing after hot-roll bonding. The results show that after post-rolling
annealing at 200 ◦C, the bonding strength of the Ti/Mg composite interface increased from
48.74 MPa to over 80 MPa without the formation of obvious intermetallic compounds. In
the Mg layer, complete recrystallization eliminated the shear bands, and pyramidal <c + a>
slip—exhibiting the highest Schmid factor—became the dominant strain-accommodation
mode. In the Ti layer, recovery, rather than full recrystallization, prevailed. Concurrently,
basal and pyramidal <c + a> slip were co-activated to enable multi-slip load bearing. These
complementary deformation modes, coordinated through the strengthened interface, pro-
moted compatible deformation between the layers, in which the plastic flow of the Mg
layer relieved local strain concentration in the Ti layer, resulting in a more than twofold
increase in elongation with minimal loss of strength. Annealing at 200 ◦C was identified
as the preferred annealing temperature, offering a viable pathway to strength–ductility
synergy in immiscible lightweight Ti/Mg laminated composite plates.

Keywords: Ti/Mg laminated composite; hot roll bonding; mechanical properties; strength;
slip system

1. Introduction
Ti/Mg laminated composite plates offer a unique combination of properties: the

high specific strength and excellent corrosion resistance of titanium [1], coupled with the
ultra-low density of magnesium [2]. This makes them highly attractive for lightweight
applications in aerospace [3], rail transportation, and biomedical engineering [4]. How-
ever, achieving effective bonding between titanium and magnesium presents considerable
challenges. Firstly, the significant disparities in physical properties between titanium and
magnesium [5,6], particularly in melting point, elastic modulus, plasticity, and hardness,
result in poor deformation compatibility during both fabrication and subsequent service.
Secondly, the absence of stable intermetallic compounds and the extremely low mutual
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solid solubility [7,8] make it difficult to achieve effective metallurgical bonding. Therefore,
realizing high-quality metallurgical bonding between these two metals while optimizing
their mechanical performance remains a key scientific challenge in this field.

In previous studies, Ti/Mg composites have been broadly classified into two cat-
egories: Ti/Mg laminated composite plates and titanium-reinforced magnesium ma-
terials prepared by powder metallurgy. Fabrication methods for the former include
hot-roll bonding [9–11], hot pressing [5,7], solid–liquid compound casting [12,13], three-
dimensional printing [14,15], and liquid metal dealloying [16,17]. The production of such
composite plates often requires interlayers [18–20] to achieve effective Ti-Mg bonding. The
latter category primarily involves powder metallurgy methods, utilizing titanium as a
reinforcement phase to enhance various properties of magnesium alloys [21–23].

The preparation of Ti/Mg laminated composites by hot pressing, solid–liquid com-
pound casting, and liquid metal dealloying suffers from long processing cycles, complicated
procedures, and high costs. Moreover, most existing studies still rely on introducing a
third element or a metallic interlayer to promote interfacial reactions and achieve Ti–Mg
bonding. However, such interlayers usually form brittle intermetallic compounds, making
it difficult to simultaneously achieve high bonding strength and good ductility. Hot-roll
bonding is a commonly employed method for fabricating laminated composite plates due
to its high efficiency, low cost, and suitability for large-scale industrial production. The
subsequent annealing treatment is equally critical for regulating the microstructure and
improving the mechanical properties [24,25], since the annealing temperature and time
directly govern the interfacial diffusion, recrystallization, and crystallographic texture of
bimetallic composites, thereby determining their strength, ductility, and anisotropy [26,27].

However, investigations into the effects of post-rolling annealing on the microstruc-
tural evolution of Ti/Mg laminated composite plates and the correlation between this
evolution and the mechanical properties remain limited. Therefore, this study focuses on
TA1/AZ31 laminated composite plates and investigates the effects of annealing temper-
ature (200–400 ◦C) and duration (60–180 min) on their mechanical properties, aiming to
identify an annealing temperature that provides a good strength–ductility balance. Within
this annealing window, the temperature that achieves a favorable combination of interfacial
bonding strength, tensile strength, and ductility is first determined, and the microstructural
evolution is then studied at this temperature. Accordingly, the recrystallization behavior,
texture, and Schmid factor distribution of the base metals under annealing at 200 ◦C are
characterized by Electron Backscatter Diffraction(EBSD). Combined with the results of
tensile–shear and uniaxial tensile tests, the intrinsic processing–microstructure–property
relationship is elucidated, providing experimental evidence for achieving a good strength–
ductility balance in Ti/Mg laminated composite plates.

2. Materials and Methods
The materials used in this study were commercially pure titanium (TA1, equivalent to

ASTM Grade 1, purity ≥ 99.9%) and AZ31 Mg alloy plates, which were purchased from
Jubao (Shenzhen) Intelligent Co., Ltd., Shenzhen, China.The chemical compositions of
AZ31 are presented in Table 1.

Table 1. Material Composition of AZ31 Mg/(wt.%).

Element Mg Fe Al Zn Mn Si Ca Ni Cu

AZ31 Bal. 0.0048 3.85 0.955 0.413 0.167 0.017 0.0039 0.0062

The TA1 titanium plates had dimensions of 2 × 70 × 110 mm3, and the AZ31 plates
were of dimensions 3 × 70 × 110 mm3. The surfaces of the TA1 and AZ31 plates to be
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bonded were ground using a steel wire brush with a diameter of 0.3 mm until fresh metal
was exposed, subsequently cleaned with alcohol and acetone, dried, and then stacked in
the order of Ti/Mg. The stacked assembly was placed in a furnace preheated to 400 ◦C
and held for 20 min, followed by immediate roll bonding to obtain the Ti/Mg laminated
composite plates. The rolling reduction was 35%, the roll speed was 5 r/min, and the roll
diameter was 150 mm. Since the melting point of magnesium is approximately 650 ◦C,
while the recrystallization temperature of pure titanium is above 700 ◦C, and existing
literature indicates that magnesium and its alloys can achieve a favorable recrystallized
microstructure during low-temperature annealing. Therefore, in this study, composite
plates were annealed for 60, 120, and 180 min at 200, 300, and 400 ◦C. Both the pre-
rolling preheating and the post-rolling annealing were performed in a muffle furnace
without vacuum or protective gas. Low-temperature annealing may achieve an excellent
recrystallized microstructure in the magnesium alloy while preserving the load-bearing
capacity of the titanium matrix, thereby enhancing the overall performance of the composite
plates. Samples required for tensile–shear, and uniaxial tensile, as well as microstructural
characterization, were cut from the as-rolled and annealed laminated composites using
wire electrical discharge machining. The experimental procedure and the dimensions of the
specimens used for mechanical property testing are shown in Figure 1, the orange arrows
indicate the processing flow.

Figure 1. The fabrication process of Ti/Mg laminated composite plates and the dimensions of the
specimens used for mechanical property test.

The loading rates for both the tensile–shear and uniaxial tensile tests were 0.5 mm/min.
To ensure the reproducibility of the experimental results, each test was repeated three
times, and the final result was taken as the average value. The tensile–shear strength was
calculated according to Equation (1):

τ =
Fmax

S
(1)

where S is the bonded area of the lap joint, the microstructure of the Ti/Mg laminated
composites was characterized using scanning electron microscopy equipped with energy-
dispersive spectroscopy (SEM-EDS) and electron backscatter diffraction (EBSD), EBSD
analysis was performed using OIM Analysis 7 (EDAX, Mahwah, NJ, USA).

https://doi.org/10.3390/met16101150

https://doi.org/10.3390/met16101150


Metals 2026, 16, 1150 4 of 21

3. Results
3.1. Composite Interface Structure

Figure 2 presents the composite interface of the Ti/Mg laminated composite plate
in the as-rolled state and after annealing at 200, 300, and 400 ◦C for 60 min. Figure 3
shows the interface after annealing at 200 ◦C for 60, 120, and 180 min. All samples exhibit
good interfacial bonding, characterized by a curved morphology. The TA1 matrix near
the composite interface presents distinct jagged fissures, as shown in the dashed circles
highlight serrated interface features. The composite interface shows no obvious defects
such as voids or inclusions, indicating that good bonding has been achieved between
TA1 and AZ31. Owing to the extremely low mutual solubility of Ti and Mg and the
absence of stable Ti–Mg intermetallic compounds, no continuous intermetallic compound
layer was observed at the TA1/AZ31 interface within the resolution of SEM-EDS, even
after annealing.

Figure 2. SEM images of the interface of Ti/Mg laminated composites annealed at different tempera-
tures for 60 min. (a) As-rolled; (b) 200 ◦C; (c) 300 ◦C; (d) 400 ◦C.

Figure 3. SEM images of the interface of Ti/Mg laminated composites annealed at 200 ◦C for different
durations. (a) As-rolled; (b) 60 min; (c) 120 min; (d) 180 min.

3.2. Mechanical Property Testing and Fracture Morphology
3.2.1. Tensile–Shear Test Results

The tensile–shear test results are shown in Figure 4. The as-rolled composite plate
exhibits a tensile–shear strength of only 48.74 MPa. Upon annealing at 200 ◦C, the bonding
strength initially increases with annealing time and then decreases, reaching a maximum
of 80.03 MPa. At 300 ◦C, the strength first increases slightly, then decreases modestly,
and subsequently remains largely unchanged with prolonged annealing. At 400 ◦C, the
strength shows a trend of initial increase, followed by a decrease, and then a final increase
again. Under this condition, a bonding strength of 85.93 MPa is achieved after annealing for
180 min, representing an improvement of approximately 76.3% over the as-rolled sample.
Clearly, annealing treatment can significantly enhance the interfacial bonding strength of
the as-rolled Ti/Mg laminated composite plates. However, owing to the low mutual solid
solubility and the absence of stable intermetallic compounds, the variation in bonding
strength across the annealing conditions is relatively limited.

3.2.2. Uniaxial Tensile Properties

The uniaxial tensile test results are presented in Figure 5. The engineering stress–strain
curves obtained from these tests are shown in Figure 5a–c. In this study, elongation (EL) is
defined as the strain at the first sharp drop in the stress–strain curve, which corresponds to
through-thickness fracture of the Mg layer. Meanwhile, localized interfacial delamination
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occurs at the fracture site, but it does not propagate along the interface. The peak stress in
each curve is defined as the ultimate tensile strength (UTS) of the composite plate.

Figure 4. Tensile–shear test results of Ti/Mg laminated composites under different annealing conditions.

The as-rolled composite plate exhibits high strength and low elongation. After anneal-
ing, the strength decreases, whereas the elongation increases substantially. The ultimate
tensile strength and elongation of the composite plates are summarized in Figure 5d. All
statistical data in this study are presented as mean ± standard deviation (n = 3). The
as-rolled composite plate exhibits the highest strength (360.16 MPa). After annealing, the
UTS values generally fluctuate around 330 MPa, except for the sample annealed at 400 ◦C
for 180 min, which shows 309.91 MPa. The elongation of the as-rolled sample is only
8.3%, whereas the annealed samples show significantly enhanced values. Specifically, after
annealing at 200 ◦C for 60, 120, and 180 min, the plastic elongation increases to 12.23%,
18.46%, and 18.59%, respectively. It is worth noting that the latter two values (18.46 ± 0.91%
and 18.59 ± 0.25%) are statistically indistinguishable, indicating that extending the anneal-
ing time from 120 min to 180 min does not further improve the elongation. At 300 ◦C, it
increases to 19.38%, 17.99%, and 19.40%, respectively. At 400 ◦C, it increases to 17.31%,
16.49%, and 16.94%, respectively. Clearly, annealing at the lower temperature of 200 ◦C
yields the preferred plastic elongation, which is approximately twice that of the as-rolled
sample, while the tensile strength decreases only slightly and remains relatively stable.
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Figure 5. Uniaxial tensile test results of the Ti/Mg laminated composites under different anneal-
ing temperatures: (a) engineering stress–strain curves at 200 ◦C, (b) at 300 ◦C, and (c) at 400 ◦C;
(d) comparison of the ultimate tensile strength and elongation of the composite plates.

3.2.3. Fracture Surface Morphologies

In this study, under the 200 ◦C annealing condition, the bonding strength, elongation,
and ultimate tensile strength of the composite plates achieve a favorable combination.
Therefore, subsequent microstructural characterization was focused on the 200 ◦C-annealed
samples to establish the intrinsic correlation between annealing time and the mechanical
properties/microstructural evolution of the composite plates. Figure 6 presents the tensile–
shear fracture surface morphologies and corresponding elemental distribution maps of the
Ti/Mg composite plates in the as-rolled state and after annealing at 200 ◦C for 60, 120, and
180 min. In Figure 6, the pink dashed circles mark Ti, the blue dashed circles mark Mg,
the black arrows indicate tear ridges, and the red arrows indicate cracks. Mg element is
distributed across the entire Ti-side fracture surface, indicating sufficient elemental diffusion
between Ti and Mg. Discontinuous cracks are observed on the Ti side of all samples,
matching the serrated interface morphology highlighted by the circles in Figures 2 and 3.
With increasing annealing time, pits resulting from TA1 tearing begin to appear on the Ti
side. On the AZ31 side, typical tearing ridges are observed, attributed to fracture occurring
in magnesium at regions with higher bonding strength or at matrix defects, owing to the
significant disparity in mechanical properties between titanium and magnesium. In some
samples (e.g., those annealed at 200 ◦C for 120 and 180 min), Ti distribution is observed on
the Mg side. This phenomenon results from fragmentation of the hardened layer under
shear stress produced by steel wire brush grinding during rolling, leading to lower strength
at these locations and subsequent failure.

Figure 7 presents SEM images of the fracture surfaces of the as-rolled sample and
samples annealed at 200 ◦C after uniaxial tensile testing. During the uniaxial tensile test
process, fracture initiates first in the AZ31 layer, corresponding to the initial drop in the
stress–strain curve. As loading continues, the TA1 layer begins to deform at the AZ31
fracture sites until final failure occurs. Interfacial delamination is observed on the fracture
surfaces of all tested samples, but the delamination does not propagate along the interface.

https://doi.org/10.3390/met16101150
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Figure 6. Morphology and elemental distribution of the tensile-shear fracture surfaces. (a–a4) As-
Rolled Ti side, (b–b4) As-Rolled, Mg side; (c–c4) 200 ◦C annealing 60 min, Ti side, (d–d4) 200 ◦C
annealing 60 min, Mg side; (e–e4) 200 ◦C annealing 120 min Ti side, (f–f4) 200 ◦C annealing 120 min,
Mg side; (g–g4) 200 ◦C annealing 180 min Ti side, (h–h4) 200 ◦C annealing 180 min, Mg side.

The fracture surface of the as-rolled AZ31 matrix exhibits a stepped distribution,
featuring both dimples and flat facets. This morphology results from the relatively in-
homogeneous microstructure and pronounced work hardening of the AZ31 after rolling,
indicating the need for further heat treatment to enhance plasticity. After annealing for
60, 120, and 180 min, the flat facets on the AZ31-side fracture surfaces diminish, and most
regions are covered with dimples, demonstrating significantly improved plasticity.

On the TA1 side, white dotted lines mark the boundary between the composite
interface and the matrix fracture, fragmented TA1 is observed at the Ti/Mg interface,
and the fracture surfaces of the TA1 matrix are characterized by numerous dimples and
tearing ridges resulting from matrix tearing, interspersed with a small number of voids. The
fracture morphology of the as-rolled sample shows little difference from that of the annealed
samples, primarily because the recrystallization temperature of titanium is considerably
higher than the annealing temperature used, resulting in minimal recrystallization of TA1
under these conditions. Therefore, at an annealing temperature of 200 ◦C, the improvement
in plasticity of the Ti/Mg laminated composites is primarily attributed to the AZ31 matrix.

3.3. Microstructural Evolution of the AZ31 and TA1 Matrices

To elucidate the microstructural evolution after annealing, EBSD characterization
was performed on the as-rolled and 200 ◦C-annealed samples. The accelerating voltage
was 20 kV with a tilt angle of 70◦. The regions used for EBSD testing were selected
near the Ti/Mg interface at positions with a high indexing rate. Due to the grain size
difference between layers, the step size was 0.65 µm for the Ti side and 0.15 µm for the Mg
side. All samples were prepared by argon ion polishing, and the observed plane was the
RD–ND plane. Statistical data including grain orientation spread (GOS), kernel average
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misorientation (KAM), grain boundary (GB) characteristics, texture, and Schmid factor
were collected, and the results are presented below.

Figure 7. SEM images (overall and magnified views) of the fracture surfaces of the specimens after
uniaxial tensile testing: (a–a2) as-rolled; (b–b3) annealed at 200 ◦C for 60 min; (c–c2) annealed at
200 ◦C for 120 min; (d–d2) annealed at 200 ◦C for 180 min.

3.3.1. Electron Backscatter Diffraction Analysis of AZ31 Matrix

In some studies, the endpoint of the first peak in the GOS distribution is often used as
a threshold to distinguish recrystallized grains from deformed grains. Here, GOS analysis
is combined with KAM and grain boundary distribution to improve statistical reliability.

Figure 8a–d presents the GOS statistical data for the as-rolled condition and after
annealing at 200 ◦C for 60, 120, and 180 min. According to the aforementioned criterion,
the thresholds separating recrystallized from deformed grains are determined to be 5.30◦,
3.81◦, 2.44◦, and 1.41◦, respectively. Based on these thresholds, the recrystallized grain
fractions under the respective conditions are 43.1%, 56.3%, 80.3%, and 90.3%, showing an
increasing trend with annealing time.

As shown in Figure 9(c1–c4), pronounced shear bands are observed in the as-rolled
AZ31 matrix, consistent with findings by Wei et al. [11]. Within these regions, the degree
of grain fragmentation is significantly higher than in other areas, and some elongated
deformed grains are also present.

https://doi.org/10.3390/met16101150
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Figure 8. Grain orientation spread (GOS) statistical data of the AZ31 matrix: (a) as-rolled; (b) annealed
at 200 ◦C for 60 min; (c) annealed at 200 ◦C for 120 min; (d) annealed at 200 ◦C for 180 min.

Figure 9. Grain orientation spread (GOS), kernel average misorientation (KAM), and grain-boundary
(GB) distribution maps of the AZ31 matrix for the as-rolled condition and after annealing at 200 ◦C
for 60, 120, and 180 min: (a1–a4) GOS maps; (b1–b4) KAM maps; (c1–c4) grain-boundary maps.

As shown in Figure 9(a2), after annealing at 200 ◦C for 60 min, recrystallization
occurs within the shear bands. The grain structure gradually recovers, forming fine-
grained regions. Consequently, both fine and coarse grains coexist throughout the area;
the recrystallized grain fraction increases to 56.3%, and the average KAM value decreases
to 1.39◦. After 120 min of annealing, recrystallization becomes more pronounced. The
recrystallized grain fraction increases to 80.3%, and the average KAM value decreases
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to 0.64◦. With the annealing time increased to 180 min, the recrystallized grain fraction
increases to 90.3%, and the average KAM value decreases to 0.39◦, as shown in Figure 10.
The results shows that annealing treatment can effectively optimize the microstructure
of AZ31.

Figure 10. Statistical data of the grain orientation spread (GOS), kernel average misorientation
(KAM), and grain-boundary (GB) fraction of the AZ31 matrix for the as-rolled condition and after
annealing at 200 ◦C for 60, 120, and 180 min: (a–d) GOS distributions; (e–h) KAM distributions;
(i–l) grain-boundary-fraction distributions.

Figure 11 presents the pole figures and inverse pole figures of the AZ31 matrix under
different annealing conditions. The number of indexed grains was 3191, 9482, 1514, and
1268 on the Mg side, for the as-rolled condition and after annealing at 200 ◦C for 60,
120, and 180 min, respectively. Figure 11(b1) shows that most grains exhibit their {0001}
crystallographic planes parallel to the rolling direction, i.e., {0001} basal texture with the
c-axis predominantly oriented close to the ND, with a slight deviation, characteristic of
a typical basal texture. Figure 11(b2–b4) demonstrate that the same texture type is also
generated in the annealed samples. With increasing annealing time, the texture intensity
decreases from 12.421 in the as-rolled state to 10.499 after 60 min, further to 6.772 after
120 min, and then slightly increases to 7.373 after 180 min.

During the initial annealing stages (60 and 120 min), new grains nucleate preferentially
at high-energy storage regions such as shear bands and grain boundaries. These nucleation
sites exhibit relatively random orientations, weakening the original strong basal texture
and consequently decreasing texture intensity. Under the 180 min condition, the material
enters the grain growth stage, during which grain boundary migration rates exhibit strong
orientation dependence. Grains with specific orientations grow preferentially, consuming
grains with unfavorable orientations, leading to a rebound in texture intensity.

Notably, the final texture type remained unchanged, indicating that recrystallization
did not randomize the orientation but rather selected and strengthened specific components
of the deformation texture. Such textural evolution induces anisotropy in the mechanical
properties of the metal. This occurs because when external forces are applied along different
directions relative to the metal, the presence of preferred orientations leads to significant
differences in plastic deformation behaviors, such as the activation of slip systems.

https://doi.org/10.3390/met16101150
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Figure 11. Pole figures and inverse pole figures of the AZ31 matrix under different annealing
conditions; (a1–a4) IPF distribution maps of AZ31 matrix for as-rolled and samples annealed for 60,
120, and 180 min, respectively; (b1–b4) PF maps of AZ31 matrix for as-rolled and samples annealed
for 60, 120, and 180 min, respectively.

As shown in Figures 12 and 13, the Schmid factors for basal <a> slip, prismatic <a>
slip, and pyramidal <c + a> slip within the AZ31 matrix region, as well as the Schmid factor
distribution maps for each slip system, were statistically analyzed under external loading
applied along the rolling direction. It can be observed that the average Schmid factor for
the basal <a> slip system gradually increased from 0.30 to 0.32 and then to 0.34. For the
prismatic <a> slip system, the average Schmid factor initially increased from 0.11 to 0.14
and 0.15, subsequently decreasing to 0.11. The average Schmid factor for the pyramidal
<c + a> slip system progressively changed from 0.45 to 0.43 and 0.42, before increasing
to 0.43.

Figure 12. Schmid factor statistical distribution of AZ31 matrix under different annealing conditions.
(a) As-rolled; (b) Annealed at 200 ◦C for 60 min; (c) Annealed at 200 ◦C for 120 min; (d) Annealed at
200 ◦C for 180 min.

The prismatic <a> slip system exhibited the smallest Schmid factor among the three
slip systems, while the pyramidal <c + a> slip system showed the highest average Schmid
factor. According to Schmid’s law [28], the orientation factor for the prismatic slip system
is extremely low. This indicates that regardless of how the microstructure is optimized
through annealing, prismatic slip remains difficult to activate during tensile loading along
the RD. Therefore, the plastic deformation of the AZ31 layer along the RD is primarily coor-
dinated by the combined action of basal slip and pyramidal slip. Basal slip accommodates
strain in the <a> direction, while pyramidal slip accommodates strain in the <c> direction.
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Figure 13. Schmid factor distribution maps of the AZ31 matrix for the as-rolled condition and
after annealing at 200 ◦C for 60, 120, and 180 min: (a–d) basal <a> slip; (e–h) prismatic <a> slip;
(i–l) pyramidal <c + a> slip.

3.3.2. Electron Backscatter Diffraction Analysis of the TA1 Matrix

The recrystallized fraction of the titanium matrix was calculated using the same
method. The threshold values obtained under different annealing conditions are presented
in Figure 14. Comparison of the classification results with the KAM maps and the distri-
butions of low- and high-angle grain boundaries shows that the identified recrystallized
grains correspond well to regions with high-angle grain boundaries and low dislocation
density, confirming the validity of the classification.

Figure 14. Grain orientation spread (GOS) statistical data of the TA1 matrix: (a) as-rolled; (b) annealed
at 200 ◦C for 60 min; (c) annealed at 200 ◦C for 120 min; (d) annealed at 200 ◦C for 180 min.
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As shown in Figure 15(a1–a4), the TA1 matrix in the as-rolled composite plate exhibits
large, nearly equiaxed grains containing numerous twins. With progressive annealing, the
TA1 grains initially refine and then coarsen. As shown in Figure 16, the low dislocation
density grain fractions in the TA1 matrix under each condition are 33.8%, 46.2%, 56%, and
69.3%, respectively. These results indicate that the TA1 matrix undergoes a certain degree
of recrystallization and recovery. As illustrated in Figure 15(b1–b4), dislocations in the
as-rolled TA1 matrix are primarily distributed along grain boundaries, whereas in the
annealed samples, dislocations are distributed within the grains and occupy most regions.
The average KAM values are 0.66◦, 1.14◦, 1.13◦, and 0.92◦, respectively. Figure 15 reveals
numerous twins in the as-rolled TA1 matrix. Relevant literature indicates that, under small
deformations, the deformation mechanism of titanium is primarily twinning [29]. In the
authors’ previous work [10], under the same rolling conditions, the thickness reduction
in the TA1 layer was only 10–20%. The lower average KAM value of the as-rolled sample
compared to the annealed samples may be attributed to its minor deformation, with
twinning rather than slip serving as the primary deformation mechanism [30].

Figure 15. Grain orientation spread (GOS), kernel average misorientation (KAM), and grain-boundary
(GB) distribution maps of the TA1 matrix for the as-rolled condition and after annealing at 200 ◦C for
60, 120, and 180 min: (a1–a4) GOS maps; (b1–b4) KAM maps; (c1–c4) grain-boundary maps.

As shown in Figure 16i–l, the proportion of low-angle grain boundaries (LAGBs) in the
as-rolled sample is relatively low but increases after annealing. Specifically, as illustrated
in Figure 16i–l, the LAGB proportion varies from 0.28 in the as-rolled state to 0.47, 0.46,
and 0.37 in the annealed states, further confirming the occurrence of recrystallization and
recovery within the TA1 matrix.

Figure 17 presents the pole figures and inverse pole figures of the TA1 matrix under
different annealing conditions. The number of indexed grains was 808, 2174, 2177, and
1666 on the Ti side, for the as-rolled condition and after annealing at 200 ◦C for 60, 120, and
180 min, respectively. Figure 17(b1) indicates a preferred orientation, with the c-axis of most
grains inclined at approximately 45◦ or 30◦ relative to the rolling direction. Additionally,
the {10-10} prismatic planes of many grains are approximately parallel to the RD–ND plane,
indicating a plate texture in the TA1 matrix. Figure 17(b2–b4) show that samples annealed
at 200 ◦C for 60, 120, and 180 min exhibit the same texture type. With increasing annealing
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time, the texture intensity decreases from 8.653 in the as-rolled state to 5.894 after 60 min,
then increases to 6.945 after 120 min, and finally rises slightly to 7.250 after 180 min.

Figure 16. Statistical data of the grain orientation spread (GOS), kernel average misorientation
(KAM), and grain-boundary (GB) fraction of the TA1 matrix for the as-rolled condition and after
annealing at 200 ◦C for 60, 120, and 180 min: (a–d) GOS distributions; (e–h) KAM distributions;
(i–l) grain-boundary-fraction distributions.

Figure 17. Pole figures and inverse pole figures of the TA1 matrix under different annealing conditions;
(a1–a4) IPF distribution maps of TA1 matrix for as-rolled and samples annealed for 60, 120, and
180 min, respectively; (b1–b4) PF maps of TA1 matrix for as-rolled and samples annealed for 60, 120,
and 180 min, respectively.

This evolution in texture intensity can be attributed to recovery behavior induced by
annealing. The initial decrease in texture intensity resulted from orientation randomization
during recovery and the early stages of recrystallization. The subsequent increase was
associated with preferential growth of grains with specific orientations during later stages,
leading to texture sharpening. Similar to the AZ31 layer, the presence of such texture
induces significant anisotropy in various properties of the material.

Figures 18 and 19 present the Schmid factors for basal <a> slip, prismatic <a> slip,
and pyramidal <c + a> slip within the TA1 matrix, as well as the corresponding Schmid
factor distribution maps, under external loading applied along the rolling direction. The
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average Schmid factor for the basal <a> slip system changes from 0.39 to 0.37 and then to
0.38. For the prismatic <a> slip system, it gradually increases from 0.19 to 0.20 and then
decreases to 0.19. For pyramidal <c + a> slip, it changes from 0.38 to 0.39 and 0.39, before
decreasing to 0.38.

Figure 18. Schmid factor statistical distribution of TA1 matrix under different annealing conditions.
(a) As-rolled; (b) Annealed at 200 ◦C for 60 min; (c) Annealed at 200 ◦C for 120 min; (d) Annealed at
200 ◦C for 180 min.

Figure 19. Schmid factor distribution maps of the TA1 matrix for the as-rolled condition and
after annealing at 200 ◦C for 60, 120, and 180 min: (a–d) basal <a> slip; (e–h) prismatic <a> slip;
(i–l) pyramidal <c + a> slip.

The Schmid factor values for all three slip systems show minimal variation with
increasing annealing time, indicating that low-temperature annealing at 200 ◦C does not
activate additional slip systems in TA1. Notably, the prismatic <a> slip system exhibits the
smallest Schmid factor, whereas the basal <a> and pyramidal <c + a> slip systems show
comparable average Schmid factors of approximately 0.4. This suggests that both basal
and pyramidal slip systems possess soft orientations under the applied loading, making
them more readily activated to accommodate plastic deformation. It should be noted that
Schmid factor analysis only provides a geometrical indication of slip-system favorability;
the actual activation of pyramidal <c + a> slip also depends on the critical resolved shear
stress, which is significantly higher than that of basal slip in Mg alloys. Therefore, the high
Schmid factor of pyramidal <c + a> slip alone does not guarantee its dominant activation,
but rather suggests its potential contribution to c-axis strain accommodation.

Based on the above microstructural and crystallographic data, the active deformation
mechanisms in each layer and their contributions to the macroscopic mechanical response
are discussed below.
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4. Discussion
4.1. Bonding Strength of Ti/Mg Laminated Composite

According to classical bimetallic composite theory [31], the bonding strength of the
Ti/Mg composite interface is governed by two mechanisms: mechanical interlocking and
metallurgical diffusion. As shown in Figure 2a, TA1 exhibits a serrated morphology after
rolling, with AZ31 filling the crevices. This macroscopic mechanical interlocking constitutes
the primary source of bonding strength (48.74 MPa) for the as-rolled Ti/Mg composite
plates. The formation of this morphology is associated with the differential plastic flow of
the two materials at elevated temperatures: the harder TA1 underwent localized fracture
under shear stress, while the softer AZ31 infiltrated the resulting cracks.

SEM-EDS was employed to characterize the diffusion behavior between Ti and Mg.
Figure 20 shows the diffusion curves of Ti and Mg across the interface after annealing
at 200 ◦C. The widths of the interdiffusion zone near the Ti/Mg interface are 13.4, 13.6,
15.0, and 8.6 µm for the as-rolled state and after annealing at 200 ◦C for 60, 120, and
180 min, respectively, and 14.0 and 8.7 µm after annealing at 300 ◦C and 400 ◦C for 60 min,
respectively. During the early annealing stages (200 ◦C for 60 or 120 min, and 300 ◦C
for 60 min), although the solid solubility between Ti and Mg is extremely low, atomic
diffusion along short-circuit paths such as grain boundaries and dislocations can still occur,
thereby enhancing interfacial bonding. However, the low mutual solubility limits the
diffusion behavior of Ti and Mg atoms, ultimately resulting in insignificant differences in
bonding strength among composite plates annealed at 200–400 ◦C. With further increases in
annealing time or temperature (e.g., 200 ◦C for 180 min or 400 ◦C for 60 min), the bonding
strength increases. Further inspection of the diffusion curve (Figure 20f) reveals enrichment
of O and Al within the interdiffusion zone, attributable to the composition of AZ31 and the
rolling process conducted in air. It should be noted that some nanoscale phases may exist
at the interdiffusion zone. According to SEM–EDS analysis, these phases are likely to be
MgO, TiO2, Al2O3, etc. However, such phases cannot be directly observed at the SEM scale
and still require further precise characterization.

Figure 20. The element diffusion curve of Ti/Mg laminated composite under different condition;
(a) As-Rolled; (b) Annealed at 200 ◦C for 60 min; (c) Annealed at 200 ◦C for 120 min; (d) Annealed at
200 ◦C for 180 min; (e) Annealed at 300 ◦C for 60 min; (f) Annealed at 400 ◦C for 60 min.

In the as-rolled state, the interface is bonded mainly by mechanical interlocking, with
a bonding strength of only 48.74 MPa. After early-stage annealing, the bonding mechanism
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changes to a combination of mechanical interlocking and metallurgical diffusion, leading
to a rapid increase in bonding strength. With further annealing, although the apparent
interdiffusion zone becomes narrower, atomic migration and reaction still occur at the
interface, and the bonding strength increases slightly, indicating that interfacial bonding
remains dominated by atomic diffusion.

These results indicate that the interdiffusion zone width measured by SEM–EDS
cannot be used directly as a measure of the interfacial bonding strength. On the one hand,
the bonding strength depends not only on the extent of elemental interdiffusion but also on
the actual bonded area, the closure of interfacial voids and cracks, and the residual stress
state near the interface. On the other hand, owing to the limited spatial resolution of EDS
and the possible presence of nanoscale oxides (such as MgO, TiO2, and Al2O3) that cannot
be resolved at the SEM scale, the measured width is subject to uncertainty and should be
regarded only as a semi-quantitative indicator.

As annealing progresses, the fracture mode of the interface evolves. On the fracture
surface of the as-rolled composite plate, only discontinuous cracks are observed on the TA1
side, while the AZ31 side exhibits flat tearing ridges. At this stage, fracture propagates along
the interface, corresponding to low bonding strength, and interfacial failure is dominated by
debonding. On the fracture surfaces of samples annealed for 60–120 min, tearing pits begin
to appear on the TA1 side (Figure 6d), and dimples appear on the AZ31 side, indicating that
the bonding strength in some regions has exceeded the shear strength of the AZ31 matrix.
The fracture path alternates between the interface and the AZ31 matrix, corresponding
to a mixed fracture mode. Subsequently, on the fracture surfaces of samples annealed for
180 min, titanium distribution is observed on the AZ31 side (Figure 6g,h), demonstrating
that fracture occurs within the magnesium matrix or the hardened surface layer of TA1,
while the interface itself has become sufficiently strong and tough. At this stage, the shear
strength reaches saturation (~85 MPa), approaching the shear strength limit of the AZ31
magnesium alloy, and interfacial failure is dominated by matrix fracture.

4.2. Mechanical Properties and Microstructure of Ti/Mg Laminated Composite Plates

During uniaxial tensile process, the TA1 layer and AZ31 layer jointly bear the applied
load, satisfying the rule of mixtures:

σ = fTiσTi + fMgσMg (2)

where f Ti, f Mg are the volume fractions of TA1 and AZ31, respectively, and σTi, σMg are
the strengths of the constituent TA1 and AZ31 layers in the composite plate. Under the
present rolling conditions, the thickness ratio of the Ti layer to the Mg layer in the composite
plate was approximately 1. Therefore, the overall tensile strength of the composite plate is
determined by the properties of the TA1 and AZ31 layers.

After annealing at 200 ◦C, TA1 undergoes only recovery and partial recrystallization,
with its KAM values higher than those of the as-rolled state. Under low-temperature
annealing at 200 ◦C, the recrystallization degree in TA1 is considerably lower than that in
AZ31. The recrystallized grain fraction implies that nearly half of the regions remain in a
recovered state, retaining relatively high dislocation densities. Concurrently, owing to the
significant disparity in thermal expansion coefficients between Ti and Mg, the AZ31 layer
imposes stress on the TA1 layer during post-annealing cooling, potentially inducing new
dislocation slip and enabling TA1 to retain a certain work-hardening capacity.

For AZ31, which undergoes a more complete recrystallization process, shear bands
transform into fine-grained regions, resulting in a more uniform grain distribution. Disloca-
tion density further decreases, and low-angle grain boundaries convert to high-angle grain
boundaries. This leads to a reduced strain-hardening effect and diminished contributions
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from dislocation and grain-boundary strengthening, consequently decreasing the strength
of the magnesium layer. As shown in Figure 21, the stress–strain curves of TA1 and AZ31
subjected to the same rolling and annealing treatments exhibit a similar trend: after anneal-
ing, the elongation of both layers improves significantly, while their strength decreases. The
plasticity of AZ31 is markedly enhanced after complete recrystallization, consistent with
the EBSD results. For TA1, under the 120 and 180 min annealing conditions, prolonged
annealing reduces dislocation density and optimizes grain, resulting in a substantial in-
crease in elongation accompanied by a decrease in strength. Overall, annealing optimizes
the plasticity of the matrix layers. With the contribution of the composite interface, coordi-
nated deformation between the two layers is achieved, thereby significantly improving the
elongation of the composite plate. However, because recrystallization reduces the strength
of the matrix layers, the overall strength of the composite plate also decreases according to
the rule of mixtures.

Figure 21. Comparison of the stress–strain curves of the composite plate and its constituent layers
after annealing at 200 ◦C: (a) as-rolled; (b) annealed for 60 min; (c) annealed for 120 min; (d) annealed
for 180 min.

The TA1 layer bears the primary load via multi-slip with sustained work-hardening,
while the AZ31 layer accommodates strain through soft-oriented pyramidal <c + a> slip.
The strengthened interface transmits shear stress between layers, so that when necking
initiates in TA1, the adjacent AZ31 responds by plastic flow. This coordinated deformation
across the interface achieves the synergistic optimization of strength and ductility.

The macroscopic plasticity of the composite is further governed by the interplay of
grain boundaries, twinning, and crystallographic texture. In the AZ31 layer, complete
recrystallization transforms the rolling-induced shear bands and deformed grains into
fine, equiaxed grains bounded by high-angle grain boundaries, which promotes homoge-
neous deformation and delays strain localization, thereby contributing substantially to the
improved elongation. Correspondingly, the prismatic <a> slip system exhibits the small-
est Schmid factor (≈0.11), whereas the pyramidal <c + a> slip system shows the largest
(≈0.45); the plastic deformation of the AZ31 layer along the RD is therefore accommodated
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mainly by basal <a> and pyramidal <c + a> slip, whose soft orientations, together with the
recrystallized microstructure, enable the large elongation. In the TA1 layer, the basal <a>
and pyramidal <c + a> slip systems both possess moderate Schmid factors (≈0.4) and are
readily activated to accommodate c-axis strain, while the increased twin boundaries and
low-angle grain boundaries impede dislocation motion and thereby preserve the strength
of the TA1 layer. It should be noted that the Schmid factor provides only a geometrical
indication of slip-system favorability, and the actual activation additionally depends on the
critical resolved shear stress; nonetheless, the close correlation between the high Schmid
factors and the enhanced ductility supports the slip-dominated deformation mechanism
proposed here.

In summary, the reduction in strength of the Ti/Mg composite plate after annealing
primarily originates from microstructural softening of AZ31 layer, while interface enhance-
ment plays a critical role in ensuring coordinated interlayer deformation and enhancing
overall ductility. The synergistic optimization of strength and ductility (exemplified by the
200 ◦C annealing process) results from the combined effects of matrix microstructure evolu-
tion and improved interfacial bonding: complete recrystallization of AZ31 layer provides
high ductility, TA1 layer maintains relatively high strength as the load-bearing component,
and the strengthened and toughened interface ensures cooperative deformation between
the two layers, ultimately achieving preferred mechanical performance matching.

5. Conclusions
In this study, Ti/Mg laminated composite plates were successfully fabricated by

hot rolling followed by post-rolling annealing. The relationship between microstructural
evolution and uniaxial tensile properties of Ti/Mg laminated composite was systematically
investigated. The main conclusions are as follows:

(1) Low-temperature annealing at 200 ◦C effectively enhances the interfacial bonding
strength from 48.74 MPa to over 80 MPa, while the absence of intermetallic compounds
ensures interfacial stability. The fracture mode transitions from interfacial debonding
to matrix fracture, indicating that the strengthened interface can reliably transfer load
between layers.

(2) The significant improvement in ductility originates primarily from recrystallization
in the AZ31 layer. Annealing at 200 ◦C induces complete recrystallization, which
eliminates rolling-induced shear bands and high-dislocation-density regions, sub-
stantially reducing dislocation density. This microstructural restoration suppresses
premature shear localization and enables more homogeneous plastic deformation
across the Mg layer, delaying crack initiation and leading to a more than twofold
increase in elongation.

(3) In the TA1 layer, 200 ◦C annealing induces recovery rather than full recrystallization,
preserving a stable dislocation substructure that retains work-hardening capacity. The
TA1 layer serves as the primary load-bearing component, while the strengthened
interface ensures effective load transfer between layers. The complementary defor-
mation behavior—strength from the TA1 layer and ductility from the recrystallized
AZ31 layer—enables a favorable strength–ductility matching. Annealing at 200 ◦C
is identified as the preferred regime, yielding the best combination of mechanical
properties within the examined process window.
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