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A high-entropy gradient filler metal enables
high-strength joints of Ti2AlNb and GH4169 alloys

Yinchen Wang,† Zhijie Ding,† Bin Wang, Zhenyang Zhang, Zhiwei Qin,* Jia Yao,
Yu Sun, Fengyun Yu, Honggang Dong and Peng Li *

Vacuum brazing with an innovative filler alloy is critical for manu-

facturing high-precision aerospace components requiring excep-

tional comprehensive performance, yet achieving superior strength

in Ti2AlNb/GH4169 brazed joints remains challenging. This study

proposes a (TiZrHf)50(NiCu)45Al5/(TiZrHf)30(NiCu)65Al5 high-entropy

gradient filler metal (HGFM) to join the Ti2AlNb alloy and the

GH4169 superalloy, which relieved the stress concentration and

elevated microstructure stability, achieving a maximum shear strength

of 335 MPa. The lower thermodynamic inclination and high entropy

characteristics synergistically contributed to the solid solution mainly

composed of (Ni,Cr,Fe)ss and (Ni,Cu,Fe,Cr)ss phases, replacing the

intermetallic compounds dominated by (Ti,Zr,Hf)(Ni,Cu)3 and (Ti,Zr,Hf)2-

(Ni,Cu) phases. The corresponding lattice misfits between (Ni,Cr,Fe)ss

and (Ni,Cu,Fe,Cr)ss phases were 3.72%, 13.24% and 20.14%, which

enabled coherent and semi-coherent relationships, facilitating the

dynamic equilibrium of dislocation motion without termination. A higher

activation energy at the interface (393 kJ mol�1) indicated that slow

atomic diffusion controlled the excessive reaction at the interface. The

remarkable drop in elastic modulus discrepancies in the customized

solid solution region enhanced the synergistic deformation capacities,

which drove the fracture locations to transform to the Ti2AlNb dissolved

with Ni and Cu phases, exhibiting a more tortuous fracture path and

higher fracture toughness. Molecular dynamics simulations indicated

that the solid solution interface enhanced the peak tensile strength

to 10.36 GPa, demonstrating favorable high-temperature stability.

The current work offers a directly transferable approach for developing

a tailored filler metal for other dissimilar metal systems.

1 Introduction

The need for aeroengine key components in extreme environ-
ments has gained considerable attention for the development
of lightweight brazed structures.1,2 The Ti2AlNb alloy, noted for
its low density and high specific strength,3 presents a

promising lightweight high-temperature structural material
for next-generation aircraft engines, potentially superseding
widely used superalloys such as GH4169.4 Achieving a high-
performance Ti–Ni brazed structure is essential to leverage
their complementary properties for enhanced lightweight and
high-temperature performance in aero-engines.

Direct brazing of Ti2AlNb and superalloys due to the marked
divergence in physicochemical properties often results in pro-
blems such as voids, kissing bonds, and many IMCs,5,6 which,
in turn, severely degrade mechanical properties. To address
these critical challenges, filler metals, including composite
metallic foils and amorphous filler metals,7 have been explored.
The introduction of filler metals can promote the filling of
voids and the formation of reaction layers through concen-
tration gradients and the wetting behaviors,8,9 thereby alleviat-
ing the above problems. Nevertheless, the limited mechanical
performance of current filler alloys, especially at elevated
temperatures,10 severely restricts their widespread applications
in critical turbine components. Thus, developing innovative
high-performance filler metals and elucidating interfacial
strengthening mechanisms in the joints are imperative for
achieving high comprehensive mechanical performance.

High entropy alloys (HEAs), the sought-after metallic mate-
rial with exceptional mechanical properties,11,12 have recently
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New concepts
This work proposes a high-entropy gradient filler metal (HGFM) to
fundamentally control interfacial reactions and achieve high-strength
brazing of the Ti2AlNb alloy and the GH4169 superalloy. By engineering
a continuous compositional gradient between dissimilar metals, the
thermodynamic inclination for brittle intermetallic formation was sup-
pressed. Concurrently, the high-entropy characteristic promoted ductile
phases to replace brittle phases, which enabled the growth of a coherent/
semi-coherent solid-solution interface, facilitating the dynamic equili-
brium of dislocation motion without termination and managing inter-
facial strain. This underlying rationale-gradient design, coupled with
entropy stabilization, forms a generalizable strategy for joining other
metal systems.
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emerged as promising candidates for use as interlayers in
brazing applications. The primary strengthening in HEAs was
achieved by mixing multiple matrix elements.13 High-entropy
alloy filler metals facilitate interfacial solid solution (SS) forma-
tion,14 suppress excessive substrate dissolution, and restrain
elemental diffusion, thereby inhibiting the formation of brittle
IMCs in brazed joints. Furthermore, gradient materials exhibit
a stronger synergy in terms of strength and plasticity compared to
homogeneous microstructures, due to enhanced strain accom-
modation capabilities and optimized stress distribution.15,16

Inspired by the high entropy concept and gradient design, this
paper is expected to develop a gradient transition HEA as an
innovative filler metal for brazing the Ti2AlNb alloy and the
GH4169 superalloy, which can effectively overcome the signi-
ficant interfacial thermodynamic propensity that traditional
fillers fail to handle, while leveraging the inherent charac-
teristics of HEAs to significantly enhance joint performance.

In this study, we propose a tailored (TiZrHf)50(NiCu)45Al5/
(TiZrHf)30(NiCu)65Al5 high-entropy gradient filler metal (HGFM),
fundamentally controlling the interfacial reaction and achieving
high-strength brazing of Ti2AlNb and GH4169 alloys. Its gradual
compositional transition minimizes the thermodynamic incli-
nation for brittle IMCs, while the high-entropy characteristic
promotes the formation of coherent/semi-coherent solid-
solution interfaces. Critically, such interfaces facilitate the
dynamic equilibrium of dislocation motion without termina-
tion, thereby managing interfacial strain and relieving stress.
This rationale of combining the compositional gradient with
entropy stabilization to forge coherent, ductile interfaces
presents a generalizable approach for other dissimilar metal
systems.

2 Experimental
2.1 Material preparation

Fig. S12 illustrates the microstructures of the two base metals
and the XRD patterns. The GH4169 alloy mainly consisted of
Ni-based SS phases, while the Ti2AlNb alloy was composed of a
dark grey a2 phase, a light grey O phase, and a white matrix B2
phase. The chemical compositions of the GH4169 superalloy
and the Ti2AlNb alloy are shown in Table S12. The HGFM
proposed in this work was based on the following rationale:
key alloying elements compatible with the base metal were
selected, while elements with significantly different atomic
radii were introduced as the core components of the filler system.
Theoretical calculations according to eqn (S4) and (S5) indi-
cated that the (TiZrHf)50(NiCu)45Al5/(TiZrHf)30(NiCu)65Al5 HGFM
achieved large atomic radius mismatches of 10.56 and 10.23,
coupled with high-entropy characteristics of 14.27 and 13.06.
Chemical potential was employed as a key thermodynamic
parameter to guide the gradient design of composition, as
it reflected the tendency for inter-element reactions.17,18

Comparative calculations using eqn (S7)–(S9) demonstrated
that, compared to the single (TiZrHf)50(NiCu)45Al5 filler, the
adoption of the HGFM reduced the interfacial chemical

potential gradient with the GH4169 substrate by approximately
40% (the Dm decreased from 9.1 kJ mol�1 to 5.2 kJ mol�1 at
1293 K; the Dm decreased from 9.4 kJ mol�1 to 5.3 kJ mol�1 at
1338 K), thereby effectively suppressing excessive thermody-
namic inclinations. Meanwhile, the high-entropy filler system,
leveraging its high entropy and sluggish diffusion characteris-
tics, contributed to facilitating the formation of more solid-
solution structures at the interface and restraining the intensity
of interfacial reactions. The raw materials (with a purity of over
99.95%) were melted at least 8–9 times using vacuum arc
melting and strip casting integrated equipment (DHL-350)
in a vacuum arc heating furnace to obtain alloy ingots with
uniform composition. (TiZrHf)30(NiCu)65Al5 and (TiZrHf)50-
(NiCu)45Al5 high-entropy amorphous brazing foils with a width
of approximately 6 mm and a thickness of about 50 mm were
prepared under rapid cooling using a high-speed rotating
copper roller. The corresponding crystal structures and thermal
behaviors are shown in Fig. 1h and g. The XRD diffraction
patterns revealed broad diffuse peaks, indicating a fully amor-
phous structure of brazing foils. The DSC curve illustrated a
decreasing trend in the melting point of the filler metal with
increasing content of Zr and Hf elements.

2.2 Vacuum brazing

The base metals and the HGFM foils were assembled, as shown
in Fig. 1d. A filler metal with higher Ti content and lower Ni
content was selected for the Ti2AlNb side, while a filler metal
with lower Ti content and higher Ni content was chosen for the
GH4169 side. The assembled specimens were placed in a vacuum
brazing furnace (ZTF2-10), and an external pressure of 20 kPa was
applied to make the specimens closely fit each other, as depicted
in Fig. 1b. The brazing temperature range and holding time were
1020–1080 1C and 15 min, as shown in Fig. 1c. The shear fixture
shown in Fig. 1e was used to perform the shear test on the
specimens on a universal tensile testing machine (DNS-100) with
a shear rate of 0.5 mm min�1. To ensure the accuracy and
authenticity, at least three shear specimens were tested under
each brazing condition to obtain the average value. Based on
finite element analysis (FEA),19,20 the stress field of the joints with
the (Ti,Zr,Hf)50(Ni,Cu)45Al5 filler metal and HGFM along the
horizontal and vertical directions for brazed seam was simulated,
as shown in Fig. 1f and g. Compared to the (Ti,Zr,Hf)50-
(Ni,Cu)45Al5 filler metal, the maximum residual stress value at
the brazed joint decreased from 92.0 MPa to 71.5 MPa with the
HGFM, consistent with the trend observed in actual stress test
results. The stress test and finite element simulation details are
provided in the SI. Therefore, the employment of the HGFM
effectively mitigated interfacial stress concentrations, enhancing
the mechanical integrity of joints.

3 Results and discussion
3.1 Microstructure of the hybrid joint with the HGFM

Fig. 2 demonstrates the interfacial microstructure of Ti2AlNb/
(TiZrHf)50(NiCu)45Al5/(TiZrHf)30(NiCu)65Al5/GH4169 joints at
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1065 1C/15 min. The brazed joint exhibited sound interfacial
bonding and was free from defects, including microcracks
and voids. Fig. 2c and d show significant interfacial inter-
actions between the base metals and the HGFM, primarily
involving dissolution, diffusion, and reactions. Based on the
contrast of the microstructure and the elemental distribution,
the brazed joint was divided into three zones: the diffusion
affected zone (zone I) near the Ti2AlNb side, the central brazing
zone (zone II), and the diffusion reaction zone (zone III) near
the GH4169 side.

Zone I consisted of a dark grey matrix phase, denoted as
phase A, and a grey phase with a wave-like morphology, labelled
as phase B. The dark grey phase marked as A predominantly
contained elements Ti, Al, and Nb, with trace amounts of Cu
and Ni elements detected, indicating elemental diffusion from
the HGFM into this region. Due to the relatively high content of
Nb (a stabilizer for the b phase in titanium alloys) and the
similar atomic percentage content to the Ti2AlNb alloy, com-
bined with relevant research,21 phase A was confirmed as the
b/B2 phase. From Table S11, the elemental proportions of
Ti, Al, and Nb marked as point B were close to the O phase of
the Ti2AlNb substrate. In addition to Ti, Al, and Nb elements,
22.64 at% Ni and 8.60 at% Cu elements were detected, indicat-
ing the diffusion and dissolution of Ni and Cu elements.
Therefore, the region marked as point B was determined as
the Ti2AlNb phase with SS of Ni and Cu elements.

Zone II was predominantly composed of a bright white
phase marked as point C, grey-white phases marked as points
D and E, black block-like phases marked as points F and G, and

a grey phase marked as point H. The bright white phase
marked as point C was primarily composed of Ti, Zr, Hf, Ni,
and Cu elements, with respective atomic percentages of
12.59 at%, 8.91 at%, 11.59 at%, 42.19 at%, and 21.22 at%.
Based on published data22,23 and Table S11, Zr and Hf elements
were considered as the Ti-like element, while Cu was regarded
as a Ni-like element. Nb also exhibited high solid solubility with
Ti,24 and Nb was classified as a Ti-like element. For point C, the
total atomic percentage of Ti-site elements was B33.1%, and
that of Ni-site elements was B63.4%. The ratio was approxi-
mately 1 : 1.92, which closely matched the stoichiometry of
the AB2 type Laves phase (TiCu2). Thus, point C was confirmed
as the (Ti,Zr,Hf)(Ni,Cu)2 phase. For points D, E, F, G, and H, the
A-site content ranged from 39.4% to 43.3%, and the Ti-site
content ranged from 41.2% to 54.8%. The calculated ratios fell
between 1 : 1 and 1 : 1.4. This indicated that these phases were AB-
type compounds (TiNi-based phase). In fact, the TiNi-based phase
was known to exhibit a wide solubility range towards the Ni-rich
side in the ternary/quaternary systems.25 Therefore, point D was
identified as the (Ti,Zr,Nb)(Ni,Cu,Al) phase. Points E through H
were confirmed as the (Ti,Zr,Nb,Hf)(Ni,Cu,Al) phase, exhibit-
ing varying brightness due to elemental differences.

Zone III was primarily composed of three different contrast
phases: a black phase denoted as phase I, a grey-white phase
denoted as phase J, and a grey-black phase denoted as phase K.
The J phase exhibited a higher content of Ni elements, suggesting
the Ni-rich(Ni,Cr,Fe)ss + (Ti,Zr)2(Ni,Cu) phase, while the regions
marked as points I and K were inferred as the (Ni,Cr,Fe)ss +
(Ti,Zr)2(Ni,Cu) phase. To verify the phases formed in the brazing

Fig. 1 Innovative design of the brazing technique with the HGFM. (a) Brazing processing curve, (b) vacuum brazing diagram, (c) alloy ingots and foils,
(d) assembly of brazing specimens, (e) shear test fixture, (f) and (g) residual stress along the horizontal and vertical directions for the brazed seam, and
(h) and (i) XRD patterns and DSC curves of the HGFM.
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seam, XRD phase analysis was conducted on the fracture surface
of the Ti2AlNb side, as shown in Fig. S14, further validating the
phase results shown in Table S12.

The brazing temperature affected the extent of atomic self-
diffusion and mutual diffusion between the base metals
and the HGFM, which is manifested thermodynamically by
different reaction products at the interface and kinetically by
variations in the dissolution rate of the base metal and the
thickness of the reaction layer formed.26 From the thermo-
dynamic perspective of microstructural evolution depicted in
Fig. S1–S3, with the increase in brazing temperature, the bright
white phase (Ti,Zr,Hf)(Ni,Cu) and black phase Al(Ti,Zr)(Ni,Cu)2

in the central interfacial region gradually transformed into
the grey-white phase (Ti,Zr,Hf)(Ni,Cu,Al), exhibiting a more
uniform phase distribution. From the kinetic perspective, the
larger atomic size discrepancies within the HGFM itself led to
severe lattice distortion and fluctuating lattice potential energy
distributions.27,28 It significantly increased the energy barriers
for atomic leaps, thereby markedly reducing atomic mobility
and exhibiting a slow diffusion nature. A direct comparison
between joints fabricated using the conventional filler metal29

and the HGFM is presented in Fig. S6. The calculated activation
energy for interfacial layer growth increased from 224 kJ mol�1

for the conventional filler to 393 kJ mol�1 for the HGFM. This
substantial increase confirmed a pronounced kinetic limita-
tion, manifesting as slowed interfacial evolution and validating

the efficacy of our filler design in modulating growth dynamics,
mitigating over-reaction, and reducing the propensity for exten-
sive IMC formation. At a brazing temperature of 1080 1C,
the Ti2AlNb substrate underwent phase transformation and
significant dissolution, resulting in a remarkable increase in
the corresponding reaction layer thickness. In fact, it was
a manifestation of non-equilibrium dissolution and the
Kirkendall effect at high temperatures.30 Due to the inherent
hysteresis diffusion effect of the HGFM, the diffusion rate of
filler elements toward the Ti2AlNb base metal side was rela-
tively slow. At an elevated temperature of 1080 1C, the Ti2AlNb
base metal underwent intense dissolution, resulting in a rela-
tively rapid diffusion rate of Ti, Al, and Nb atoms toward the
liquid phase/brazing joint. Due to the significantly greater
atomic flux flowing out of the base metal than into it,31 many
lattice vacancies remained at the Ti2AlNb side interface. The
enhanced vacancy densities enabled diffused atoms to easily
overcome activation energy barriers, resulting in rapid growth
of the interface thickness, consistent with the perspective
proposed by Li et al.32

3.2 Interfacial crystal structure of the hybrid joint

Considering that zone II–III interfacial regions were the typical
regions of joints, the corresponding compositional variation
and crystal structures from 1020 1C to 1065 1C were analysed,
as shown in Fig. 3 and 4. Fig. S16a shows the point analysis

Fig. 2 Microstructures of joints brazed at 1065 1C for 15 min with the HGFM. (a) Typical interfacial microstructure, (b) enlarged image of (a), and (c) and
(d) elemental distribution across joints.
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locations within the interfacial region at a brazing temperature
of 1020 1C, and the corresponding results are presented in
Table S8. Based on relevant works,33,34 the O parameter could
be employed to evaluate thermodynamic tendencies, as shown
in eqn (1). When O was less than 1.1, the thermodynamic
tendency was primarily driven by enthalpy. When O exceeded
1.1, the thermodynamic tendency was predominantly driven by
entropy,

O = TDSmix/|DHmix| (1)

where DHmix and DSmix are the mixing enthalpy and mixing
enthalpy between the i-th and j-th elements, while R is the
universal gas constant and equivalent to 8.314 J K�1 mol�1.
Calculations of eqn (1) revealed that O values from point 1 to
point 3 in the region were 0.59, 0.71, and 0.86, indicating
a thermodynamic state driven by enthalpy. The bright-field
image in Fig. 3a reveals that the left side of the interface
primarily consisted of dark grey acicular phases and a grey
matrix phase at 1020 1C. The central regions consisted of coarse
grains, while the right-side regions were composed of fine
columnar grains. As shown in the TEM-EDS image in Fig. 3a,
the left region exhibited aggregation of Ti, Ni, and Cu elements,
while the central and right regions were mainly characterized
by the distribution of Zr, Hf, Ni, Cu, and Cr, Nb elements,
respectively. Upon diffraction calibration, the selected area
electron diffraction (SAED) 1 pattern was determined as the
(Ti,Zr,Hf)(Ni,Cu)3 phase, consistent with the SAED 2 pattern.

The central regions corresponding to the SAED 3–5 patterns
were calibrated as the (Ti,Zr,Hf)(Ni, Cu)3[1�1�3], (Ti,Zr,Hf)(Ni,
Cu)3[001] and (Ti,Zr,Hf)(Ni,Cu)3[010] phases. The left regions were
determined to be mixed regions of (Ni,Cr,Fe)ss[1�1�1] and
(Fe,Cr,Ni)2Nb[�201] phases.

When the brazing temperature increased, a significant
change appeared in the interfacial area of joints, as shown in
Fig. 4, and the main elements were distributed in a mixed
condition. Fig. S16b illustrates the point analysis locations
within the interfacial region at a brazing temperature
of 1065 1C, and the results are summarized in Table S9.
Calculations revealed that the O values for points 1 to 3 in
Fig. S16b were 2.36, 1.84, and 1.15, suggesting an enthalpy-
driven behavior. The SAED 1–3 patterns in the left regions were
identified as the (Ti,Zr,Hf)2(Ni,Cu)[�49�10], (Ni,Cu,Fe,Cr)ss[010]

and (Ti,Zr,Hf)7(Ni,Cu)10[�52�6] phases. The central regions
showed a remarkable enrichment of the Cr element, as indi-
cated by the SAED 4, 7–9 patterns (Fig. 4 and S8). The miller
indices of the (Ni,Cr,Fe)ss phase in the SAED 4 pattern were
calculated as (%1%10), (%10%1) and (01%1), with the crystal band zone
of [1%1%1]. Furthermore, the regions where the SAED 9 pattern
was located represent the main grey phase in the central
regions, which was confirmed as the (Ni,Cu,Fe,Cr)ss[0�1�1]

phase with a hexagonal structure, containing (%100), (%11%1) and
(0%1%1) miller indices. As shown in the right regions of Fig. 4c, the
SAED 5 and 6 patterns were identified as the (Ni,Cr,Fe)ss[001]

and the (Ni,Cu,Fe,Cr)ss[010] phases, respectively.

Fig. 3 TEM characterization of the zone III interface of joints brazed at 1020 1C with the HGFM. (a) Bright-field image and TEM-EDS mapping, (b)–(d) the
magnified bright-field image in (a) and (e)–(k) SAED patterns corresponding to the marked locations in (a)–(d).
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Overall, via the design of HGFM and the regulation of
brazing temperature, the O value in the II–III interfacial regions
shifted from less than 1.1 to greater than 1.1, accompanied by a
transition in the lattice structures, exhibiting a mixed distribu-
tion dominated by (Ni,Cr,Fe)ss and (Ni,Cu,Fe,Cr)ss phases. This
suggested that the HGFM design effectively leveraged its high-
entropy characteristics, transforming the enthalpy-driven
thermodynamic tendency into an entropy-driven one, thereby
promoting a distribution dominated by SS at the interface.

3.3 Strengthened solid solution interface of the hybrid joint
with the HGFM

Given that the interface was prone to the stress concentration,
crack initiation and propagation, this study further investigated
the lattice misfit relationship and strain distribution at the
typical interface of joints brazed at 1020 1C and 1065 1C. As
shown in the magnified bright-field images in Fig. 5 and S9, the
interfacial regions of zone III were studied. Based on the region
marked by the blue dashed line in Fig. 5a, Fig. 5d presents the
high-resolution transmission electron microscopy (HRTEM)
image of the (Ti,Zr,Hf)2(Ni,Cu)/(Ti,Zr,Hf)(Ni,Cu) interface.
Upon fast Fourier transform (FFT) and inverse fast Fourier
transform (IFFT) on the interface, the lattice reconstruction
image was obtained. The atomic arrangements perpendicular
to the interface suggested that (Ti,Zr,Hf)2(Ni,Cu) (yellow atoms)

and (Ti,Zr,Hf)(Ni,Cu) (blue atoms) presented a non-occupied
occupation state at the interface, proving a non-coherent inter-
face. To quantify this characteristic, the lattice fringe width
images on both sides of the interface were reconstructed, as
depicted in Fig. 5e. The lattice fringe widths of the (Ti,Zr,Hf)2-
(Ni,Cu)(220) and (Ti,Zr,Hf)(Ni,Cu)(100) phases are 4.479 Å and
3.021 Å, respectively. The calculation of lattice misfit was based
on eqn (2),35

dðhklÞ1ðhklÞ2
¼ d1 cos y� d2j j

d2
� 100% (2)

where (hkl)1 and (hkl)2 are the low-index crystal planes of two
phases and d1 and d2 are the distances of (hkl)1 and (hkl)2,
respectively. y is the angle between them. According to eqn (2),
the lattice misfit of the (Ti,Zr,Hf)2(Ni,Cu)/(Ti,Zr,Hf)(Ni,Cu)
interface was 37.90%, confirming the non-coherent judgment.
The strain distribution in Fig. 5f revealed that localized stresses
at the interface appeared, prone to premature failure. Fig. 5g
shows the high-resolution transmission electron microscopy
(HRTEM) image of the (Ti,Zr,Hf)(Ni,Cu)3/(Fe,Cr,Nb)2Nb inter-
face. The lattice reconstruction image in Fig. 5h shows that the
(Ti,Zr,Hf)(Ni,Cu)3 phase (yellow atoms) and the (Fe,Cr,Nb)2Nb
phase (blue atoms) at the interface were in a non-occupied
state, suggesting an incoherent interface. By measuring the
lattice fringe widths of the atoms perpendicular to both sides of
the interface, the fringe widths of (Ti,Zr,Hf)(Ni,Cu)3(101) and

Fig. 4 TEM characterization of the zone III interface of joints brazed at 1065 1C with the HGFM. (a) Bright-field image and TEM-EDS mapping, (b)–(d) the
magnified bright-field image in (a) and (e)–(l) SAED patterns corresponding to the marked locations in (a)–(d).
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(Fe,Cr,Nb)2Nb(200) were 3.953 Å and 2.071 Å, revealing a lattice
misfit of 48.32%. The obvious localized strain at the interface
(Fig. 5j) evidenced this misfit phenomenon. Similar assertions
were presented by Wu et al.36 Upon calibration, the fringe
widths of the (Ti,Zr,Hf)(Ni,Cu)3 phase (SAED 1 pattern) and
the (Ti,Zr,Hf)(Ni,Cu)3 phase (SAED 2 pattern) in Fig. S9(a)–(d)
were determined to be 2.131 Å and 2.494 Å, respectively. The
fringe widths of the (Cr,Fe,Ni)ss phase (SAED 6 pattern) and the
(Fe,Cr,Ni)ssNb phase (SAED 7 pattern) in Fig. S9(e)–(h) were
2.043 Å and 2.846 Å, respectively. Calculations via eqn (2)
revealed lattice misfits of 25.16% and 33.23% for the (Ti,Zr,Hf)-
(Ni,Cu)3/(Ti,Zr,Hf)(Ni,Cu)3 interface and the (Cr,Fe,Ni)ss/(Fe,Cr,-
Ni)ssNb interface, respectively, both exhibiting incoherent
configurations. The statistical results for the corresponding
interfacial relationships are shown in Table S5. Therefore, the
primary interfaces of joints brazed at 1020 1C were all in a non-
occupied state, manifesting an incoherent interface with higher
strain energies. The evident strain localization at the interface
indicated that the non-coherent IMC interface state exhibited a
strengthening effect achieved through the accumulation of
mobile dislocations at the interface (Orowan mechanism37,38).

Considering that the interface of joints brazed at 1065 1C are
characterized by (Ni,Cr,Fe)ss and (Ni,Cu,Fe,Cr)ss phases, this
study further investigated the atomic arrangement and strain
conditions of the interface, as depicted in Fig. 6 and Fig. S10.

Fig. 6c shows the HRTEM image of the (Ni,Cu,Fe,Cr)ss/(Ni,Cr,-
Fe)ss interface. The lattice reconstruction image in Fig. 6d
indicates that a perfect co-occupation was achieved at the
interface. The lattice fringe widths of the (Ni,Cu,Fe,Cr)ss(011)

and (Ni,Cr,Fe)ss(110) phases are 2.046 Å and 2.123 Å, represent-
ing a coherent interface with a lattice misfit of 3.72%. The
HRTEM image in Fig. 6g depicts the typical interfacial regions
on the right side. The (Ni,Cu,Fe,Cr)ss (yellow atoms) and
(Ni,Cr,Fe)ss phases (blue atoms) formed a misfit distribution
at the interface (Fig. 6h), which suggested interfacial disloca-
tion emission, thereby coordinating the strain distribution. The
fringe widths of (Ni,Cu,Fe,Cr)ss(002) and (Ni,Cr,Fe)ss(110) phases
are 2.122 Å and 2.128 Å, respectively. Upon calculation, the
interface showed a lattice misfit of 13.24%, manifesting a semi-
coherent interface. Moreover, the calibrated fringe widths of
the (Ti,Zr,Hf)2(Ni,Cu) phase (SAED pattern 1) and the (Ni,Cu,-
Fe,Cr)ss phase (SAED pattern 2) in Fig. S10(a)–(d) were 2.155 Å
and 2.126 Å, respectively. The fringe widths of the (Ni,Cu,-
Fe,Cr)ss phase (SAED 10 pattern) and the (Ni,Cr,Fe)ss phase
(SAED 4 pattern) in Fig. S10(e)–(h) were 4.986 Å and 3.984 Å,
respectively. The lattice misfits at the (Ti,Zr,Hf)2(Ni,Cu)/(Ni,Cu,-
Fe,Cr)ss interface and the (Ni,Cu,Fe,Cr)ss/(Ni,Cr,Fe)ss interface
were 18.53% and 20.14%, respectively, both exhibiting a semi-
coherent state. The statistical results for the corresponding
interfacial relationships are presented in Table S6. Therefore,

Fig. 5 Interfacial characteristics of joints brazed at 1020 1C for 15 min with the HGFM. (a) and (b) Enlarged bright field images, (c) HRTEM image and
lattice distortion conditions in (a), (d) FFT and lattice reconstruction image in (c), (e) lattice fringe image in (c), (f) shear strain distributions of (c),
(g) HRTEM image and lattice distortion conditions in (b), (h) FFT and lattice reconstruction image in (g), (i) lattice fringe image in (g), and (j) shear strain
distributions of (g).
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the primary SS interfaces of joints brazed at 1065 1C were
coherent or semi-coherent, facilitating the emission of movable
dislocations while maintaining local dynamic equilibrium.39,40

As reported by Jiang and Wang et al.,41,42 the coherent interface
effectively harmonized plastic strain gradients, preventing the
rapid formation of critical stress peaks.

In sum, compared to the incoherent IMC state at the inter-
face observed at a brazing temperature of 1020 1C, the coher-
ent/semi-coherent SS state at the interface observed at 1065 1C
fundamentally altered the interfacial strengthening mecha-
nism. The transition from resistance-based strengthening
to synergistic coordinated strengthening significantly improved
deformation capabilities, preventing premature failure caused
by the rapid stress concentration, thereby boosting the mecha-
nical properties of the joint.

3.4 Mechanical properties of the hybrid joint with the HGFM

Regarding the high-temperature stability of the critical IMC
interface and SS interface in the joint, tensile simulations
(molecular dynamics, MD) of the (Ti,Zr)2(Ni,Cu)/(Ti,Zr)(Ni,Cu)3

interface were conducted, as depicted in Fig. 7a and b. The
temperature boundary condition for the tensile simulations
was set at 923 K, consistent with the service temperature of
aeroengine cool-end components.43 Relevant simulation details
are provided in Note S2 of the SI. The peak tensile strength at
923 K increased from 9.49 GPa to 10.36 GPa using the (Ni,Cr,-
Fe)ss/(Ni,Cu,Fe,Cr)ss model compared to the (Ti,Zr)2(Ni,Cu)/
(Ti,Zr)(Ni,Cu)3 model, presenting superior high-temperature

stability and enhanced load-bearing capacity. With increasing
brazing temperature, the shear strength of joints first increased
and then sharply dropped. At 1065 1C, the shear strength
reached a maximum value of 335 MPa. Further increasing the
brazing temperature to 1080 1C caused a phase transformation
on the Ti2AlNb side and significant dissolution of base metals,
resulting in an increased brittleness tendency, with a shear
strength of only 87 MPa. The load–displacement curves of the
base metals utilized in this study are presented in Fig. S13.
Fig. 7d presents a comparison of the shear strength in joints
between TiAl-based alloys and Ni-based superalloys in relevant
works. The development of a high-entropy gradient layer filler
metal further enhanced the shear strength of joints.8,9,29,44–50

Furthermore, when combined with the schematic diagram in
the SI (Fig. S7), it can be inferred that the SS interface with
coherent and semi-coherent relationships of the joints was
successfully tailored. Therefore, the design of the HGFM and
temperature control in this study not only provided significant
advantages in room-temperature performance when brazing
Ti–Ni dissimilar metals but also demonstrated promising
potential for high-temperature applications.

4 Deformation and fracture behavior
of the hybrid joint

Fig. 8(a)–(c) depict the nanoindentation morphologies of
joints brazed at 1035 1C, 1065 1C and 1080 1C, respectively.

Fig. 6 Interfacial characteristics of joints brazed at 1065 1C for 15 min with the HGFM. (a) and (b) Enlarged bright field images, (c) HRTEM image and
lattice distortion conditions in (a), (d) FFT and lattice reconstruction image in (c), (e) lattice fringe image in (c), (f) shear strain distributions of (c), (g) HRTEM
image and lattice distortion conditions in (b), (h) FFT and lattice reconstruction image in (g), (i) lattice fringe image in (g), and (j) shear strain distributions of (g).
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The indentation depths on the base metals were greater than
that on the brazed joint, indicating that the hardness of joints
was relatively higher than that of the base metals. Fig. 8
presents the hardness and elastic modulus distributions across
the brazed joints obtained by the HGFM at 1035 1C, 1065 1C,
and 1080 1C. As shown in Fig. 8a, for the joint brazed at
1035 1C, the highest hardness and elastic modulus were located
in zone III. Statistical analysis indicated that the average
hardness and elastic modulus in zone III were 13.6 GPa and
241.3 GPa, respectively. The elastic modulus reflected the
resistance to atomic displacement from equilibrium posi-
tions.51 According to prior research,52 an abrupt change in
elastic modulus across an interface served as a potential site for
crack initiation and propagation. Based on this, the paper
calculated the average hardness and elastic modulus in
the region immediately adjacent to the left side of zone III,
which were 10.7 GPa and 178.9 GPa, respectively. Thus, the

differences in hardness and elastic modulus between zone III
and its neighboring left region were 2.9 GPa and 62.4 GPa,
respectively.

Fig. 8b, e, and h display the indentation morphology, hard-
ness distribution, and elastic modulus distribution for the joint
brazed at 1065 1C. As depicted in Fig. 8e and h, the regions with
the highest average hardness shifted to the boundary between
zones I and II. The region with the highest average elastic
modulus remained in zone III. The average hardness and elastic
modulus in zone III were 9.7 GPa and 225.7 GPa, respectively, while
the corresponding values in the left regions were 10.2 GPa and
179.4 GPa. The difference in elastic modulus between zone III and
its left-side region at 1065 1C was 46.3 GPa. Comparing joints
brazed at 1035 1C and 1065 1C, the elastic modulus gradient across
the key interfacial region decreased markedly from 62.4 GPa to
46.3 GPa. This reduction was attributed to a significant transi-
tion in zone III from the coherent IMC interface to the

Fig. 7 MD tensile simulation and mechanical properties of Ti–Ni brazed joints with the HGFM. (a) Stress–strain curve and the evolution of atomic
configurations of the (Ti,Zr)2(Ni,Cu)/(Ti,Zr)(Ni,Cu)3 model, (b) stress–strain curve and the evolution of atomic configurations of the (Ni,Cr,Fe)ss/
((Ni,Cu,Fe,Cr)ss model, (c) shear strength of joints brazed at different brazing temperatures and (d) comparison of shear strength of joints.

Fig. 8 The position of nanoindentation test points of joints at different brazing temperatures with the HGFM. (a)–(c) Morphologies of indentation, (d)–(f)
hardness cloud maps, and (g)–(i) elastic modulus cloud maps.
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incoherent and semi-coherent SS interface, which promoted a
more gradual transition in elastic modulus and lowered the
risk of premature crack initiation and rapid propagation caused
by severe modulus mismatch.

Fig. S11 illustrates the fracture paths and morphologies
of joints brazed at different temperatures. As the brazing
temperature increased from 1035 1C to 1065 1C, the fracture
behaviors evolved from a straight crack propagating solely
within zone III to a more complex, multi-region crack initiation
and propagation patterns. As shown in Fig. S11b, the crack
encountered notable resistance at 1065 1C when traversing
zone III, indicating enhanced fracture toughness. Therefore,
a remarkable transition in the interfacial state increased the
deformability of the weak regions, promoting a smoother
property transition that was less prone to crack initiation.
Moreover, the stress distribution shown in Fig. S11 revealed
that as the brazing temperature increases from 1035 1C to
1065 1C, the high-stress regions gradually shifted from the
GH4169 interface toward the regions dominated by zone I,
and the corresponding maximum stress decreased from
87.6 MPa to 71.5 MPa. Consequently, under external loads,
cracks were forced to seek alternative, more favorable propaga-
tion paths in zones I and II.

In fact, at brazing temperatures of 1035 1C and 1065 1C, the
average hardness and modulus in zone I were significantly
lower than those in zones II and III. This indicated that zone I
retained excellent plasticity and toughness over a broad tem-
perature range, exhibiting greater deformation capacity. When
the brazing temperature was raised to 1080 1C, excessive
dissolution of the Ti2AlNb base metal occurred. It led to the
formation of more Ti2AlNb dissolved with Ni and Cu, as well as
a greater amount of (Ti,Zr,Nb)(Ni,Cu) IMCs, inevitably increas-
ing the overall brittleness of the joint. Thus, cracks readily
initiated and propagated from the central interfacial region at
1080 1C. Fig. S11c shows that the crack appeared to have
minimal resistance during propagation, resulting in a charac-
teristic straight fracture path. In summary, the distinct transi-
tion from an incoherent IMC interface to a coherent/semi-
coherent SS interface significantly reduced the elastic modulus
difference between zone III and adjacent regions, enhanced the
compatibility of cooperative deformation across the interface,
and ultimately led to a more tortuous fracture path and higher
fracture toughness.

5 Conclusions

In this study, a high-entropy gradient filler metal with the
composition (TiZrHf)50(NiCu)45Al5/(TiZrHf)30(NiCu)65Al5 based
on the gradient + high-entropy rationale was developed to reduce
interfacial thermodynamic inclination and exploit high-entropy
character, thereby achieving high-strength vacuum brazing
between the Ti2AlNb alloy and the GH4169 superalloy. Key
findings and implications are summarized as follows:

(1) The HGFM, as developed through the rationale of low
thermodynamic inclination and high entropy characteristics,

effectively contributed to relieving the stress concentration and
elevating the microstructural stability of the joint, which pro-
moted the formation of a multiphase SS and improved the
interfacial relationships.

(2) High entropy induced primary interfacial region trans-
formed from the (Ti,Zr,Hf)(Ni,Cu)3, (Ti,Zr,Hf)2(Ni,Cu) phases to
the (Ni,Cr,Fe)ss and (Ni,Cu,Fe,Cr)ss phases at 1065 1C. The
corresponding lattice misfits between (Ni,Cr,Fe)ss and (Ni,Cu,
Fe,Cr)ss phases were 3.72%, 13.24% and 20.14%, which enabled
coherent and semi-coherent relationships at the SS interface,
enabling the dynamic equilibrium of impeding dislocations
without terminating them.

(3) Applied GHFM and temperature control promoted the
maximum shear strength of the Ti2AlNb/GH4169 brazed joint,
reaching 335 MPa. The remarkable reduction in elastic mod-
ulus discrepancies in the customized solid solution regions
enhanced the synergistic deformation capabilities, ultimately
contributing to more tortuous fracture paths and higher fracture
toughness.
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