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MATERIALS SCIENCE

Ultrastrong and ductile precipitation-hardened alloy
via high antiphase boundary energy

Shuai Dai’, Yunzhu Shi'*, Junyang He?, Jie Hou', Fei Zhang3, Zhenggang Wu', Chao Ma’,
Shaofei Liu*, Alexander Schékel®, Yan Ma®, Shaolou Wei’, Claudio Pistidda®,

Zhifeng Lei'*, Zhaoping Lu®*

Coherent precipitation-hardened alloys often struggle to achieve both ultrahigh strength and exceptional ductil-
ity due to their limited resistance to dislocation motion and vulnerability to glide plane softening. Here, we tackle
these challenges by introducing multicomponent precipitates with much increased antiphase boundary (APB)
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energy. In a model NizAl-type (L1,) precipitation-hardened face-centered cubic (FCC) NiCo-based alloy, we incor-
porate multiple elements at the Al sublattice sites within the precipitates, reducing antisite defects and enhancing
ordering degree. This process yields multicomponent precipitates with an ultrahigh APB energy (~308 + 14 milli-
joules per square meter), which notably strengthens the alloy. Moreover, the exceptionally high APB energy trans-
forms the deformation mechanism from dislocation shearing to stacking fault shearing, thereby avoiding glide
plane softening. These result in a tensile yield strength of 1616 + 9 megapascals, an ultimate tensile strength of
2155 + 22 megapascals, and a uniform elongation of 10.1 + 0.3% for the alloy.

INTRODUCTION

Precipitation hardening, also known as aging or particle hardening,
stands as a key heat treatment technique for enhancing alloy strength
since the early 1900s (1, 2). This process entails the formation of hard
particles within the host matrix, effectively impeding dislocation
motion and consequently strengthening the alloys (3-5). Because of
its straightforward thermomechanical process and strengthening ca-
pability, precipitation hardening remains the most compelling meth-
od for alloys to achieve high strength (6-13).

In recent years, precipitation hardening through forming coher-
ent ordered nanoparticles has taken the lead in designing high-
performance alloys (13-16). The minimal lattice misfit between
these precipitates and the matrix reduces the nucleation energy
barrier, facilitating the formation of a high number density of nanopar-
ticles. This increased particle density effectively enhances alloy strength
(14, 17, 18). Moreover, these precipitates align perfectly with the
matrix on the interface plane, forming a continuous crystalline lat-
tice. During loading, these particles typically impede dislocation
motion while allowing dislocations to shear through. This disloca-
tion shearing mechanism enhances dislocation mobility and im-
proves deformation compatibility between the precipitates and the
alloy matrix, avoiding localized plastic deformation and preserving
ductility (4, 13).
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However, coherent ordered precipitates, characterized by low
misfit strain with the matrix and low penetrability to dislocations,
offer limited intrinsic resistance to dislocation motion, thus substan-
tially diminishing their strengthening effect (19, 20). Moreover, re-
peated dislocation shearing disrupts the ordered crystal structure of
coherent precipitates, diminishing successive dislocation shearing
resistance and triggering glide plane softening, which induces the
formation of planar slip bands (21, 22). Consequently, inadequate
dislocation multiplication and storage within the bands, as well as
faint dislocation accumulation outside the bands, deprive the corre-
sponding strain hardenability (23, 24). These pivotal limitations pose
formidable challenges in achieving both ultrahigh strength and sub-
stantial uniform elongation in coherent precipitation-hardened alloys.

Here, we transcend these limitations by introducing multicom-
ponent precipitates with high antiphase boundary (APB) energy.
Using a NiCo-based face-centered cubic (FCC) alloy strengthened
by coherent NizAl-type (L1,) precipitates as our model system, we
incorporate multiple elements into the Al sublattice sites to form
multicomponent precipitates with an exceptionally high APB ener-
gy of ~308 + 14 mJ/m?. Despite having a soft and fully recrystallized
FCC matrix, the aged (NiCo)ss95(NbTaWTi);Al;Bg s (in atomic
ratios) alloy shows an ultrahigh yield strength of 1616 + 9 MPa, an
unprecedented ultimate tensile strength of 2155 + 22 MPa, and an
exceptional uniform elongation of 10.1 + 0.3%. This work opens up
avenues for advancing precipitation hardening and developing al-
loys with both high strength and ductility.

RESULTS

Mechanical properties

We conducted tensile tests on three alloys: an annealed NiCo binary
alloy and two modified variants, annealed and aged (NiCo)gs.9s
Ti;Al;By 05 and (NiCo)sgs.95(NbTaWTi);Al; By o5 alloys (see Materials
and Methods). For simplicity, we refer to these alloys as NiCo-A, T-AA,
and NTWT-AA alloys, respectively. Figure 1A shows the engineering
stress-strain curves of these three alloys, along with the correspond-
ing true stress-strain and strain-hardening rate curves of the T-AA
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Fig. 1. Mechanical properties. (A) Tensile engineering stress-strain curves measured at room temperature for the NiCo-A, T-AA, and NTWT-AA alloys. The inset exhibits
the true stress-strain and strain-hardening rate (do/de) curves of the T-AA and NTWT-AA alloys. The NTWT-AA alloy demonstrates ultrahigh strength, large uniform and
fracture elongation, and notable strain hardenability. (B) Uniform elongation versus ultimate tensile strength, showing the outstanding tensile properties of NTWT-AA
alloy, in comparison with titanium (Ti) alloys (8), superalloys (77, 16), FCC high-entropy alloys (FCC HEAs) (77, 18, 61-65), body-centered cubic (BCC) HEAs (24, 66, 67), eu-
tectic high-entropy alloys (EHEAs) (68, 69), quenched and partitioned (Q&P) steels (70, 71), twinning-induced plasticity (TWIP) steels (72), transformation-induced plastic-
ity (TRIP) steels (73), maraging steels (74), forged steels (74), alloy containing stepwise controllable coherent nanoprecipitations (SCCPs alloy) (75), alloy featuring
short-range ordering, and supranano L1, particle in the FCC matrix (SS alloy) (76). (C) Yield strength versus work hardenability, defined as the difference between ultimate

tensile strength (UTS) and yield strength (YS).

and NTWT-AA alloys (see the inset). The NiCo-A alloy exhibits a
very low tensile yield strength of 122 + 7 MPa and an ultimate tensile
strength of 529 + 21 MPa. The T-AA alloy allows a tensile yield
strength of 1135 + 15 MPa and an ultimate tensile strength of
1572 + 32 MPa. In contrast, the NTWT-AA alloy has a tensile yield
strength of 1616 + 11 MPa, an ultimate tensile strength of 2155 +
27 MPa, and a uniform elongation of 10.1 + 0.3%. It is worth noting
that even under ultrahigh strength conditions, the NTWT-AA
alloy maintains uniform elongation, seemingly stemming from its
exceptional strain-hardening rate (>2.4 GPa) based on the Considére
criterion (the inset in Fig. 1A). The large uniform elongation of our
alloy is not attributed to Liiders band deformation, indicating that
plastic instability was effectively delayed. The presence of necking and
dimples in the fractured NTWT-AA and T-AA alloys validates their
ductile features (fig. S1, A to C and G to I). In addition, the NTWT-
AA alloy, with its ultrahigh ultimate tensile strength and exceptional
fracture elongation, promotes microvoid nucleation and coalescence
near the fracture surface (fig. S1, D to F). Figure 1B exhibits the ulti-
mate tensile strength and uniform elongation of NTWT-AA alloy, in
comparison to those of other typical alloys. We compared the ulti-
mate tensile strength to highlight the exceptional work hardenability
of the alloy we designed, even at ultrahigh yield strength. The NTWT-
AA alloy matches the strength of maraging steels while surpassing
them with more than double the uniform elongation. Figure 1C com-
pares the tensile yield strength and work hardenability—defined as
the difference between ultimate tensile strength and yield strength—
of the NTWT-AA alloy with those of representative alloys. The
NTWT-AA alloy exhibits both ultrahigh yield strength and excep-
tional work hardenability. Compared to other alloys with similar
yield strength, the present alloy exhibits superior work hardenability
(table S1). Furthermore, a comparison of the yield strength and uni-
form elongation of our alloy with similar fully recrystallized FCC al-
loys reveals that our design achieved an outstanding combination of
these properties (fig. S2). This attainment underscores the effective-
ness of introducing multicomponent precipitates to achieve
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both ultrahigh strength and extraordinary uniform elongation with-
in a soft matrix.

Microstructures

To unravel the strengthening and ductilization mechanisms of the
studied alloys, we investigated their microstructures in detail down
to the atomic scale. Figure 2A presents synchrotron high-energy x-
ray diffraction (XRD) patterns of NiCo-A, T-AA, and NTWT-AA
alloys. The NiCo-A alloy exclusively displays a single FCC phase,
whereas the other two alloys exhibit dual phases of FCC and L1,.
The lattice parameter of FCC phases in the three alloys is 3.532,
3.556, and 3.562 A, respectively, while that of L1, precipitates in T-
AA and NTWT-AA alloys is 3.585 and 3.596 A, respectively (fig. S3).
Consequently, the lattice misfit between the FCC matrix and L1,
precipitates in T-AA and NTWT-AA alloys amounts to 0.83 and
0.95%, respectively. Figure 2B illustrates the inverse pole figure of
the NTWT-AA alloy from the electron backscattered diffraction
(EBSD). This alloy comprises fully recrystallized grains with ran-
dom orientation and an average grain size of 1.7 + 0.2 pm. Fig-
ure 2C presents an enlarged electron channeling contrast image of
NTWT-AA alloy, showing a small amount of large primary L1, pre-
cipitates and a host of secondary L1, precipitates embedded within
the matrix. The primary L1, precipitates form during annealing (at
1050°C for 10 min) and predominantly locate at grain boundaries.
The secondary L1, precipitates develop during aging (at 800°C for
16 hours) and mainly disperse inside grains. The dark-field trans-
mission electron microscopy (TEM) image and the {100} superlat-
tice diffraction spots from selected area electron diffraction patterns
further evidence the presence of secondary L1, precipitates
(Fig. 2D). The corresponding average size and spacing along the
<110> direction are 36 and 21 nm, respectively (fig. S4, A to C). A
representative aberration-corrected scanning transmission electron
microscope high-angle annular dark-field (STEM-HAADF) micro-
graph manifests the fully coherent interface between secondary L1,
precipitates and the FCC matrix (Fig. 2E). In addition, atomic-scale
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Fig. 2. Microstructures. (A) Synchrotron high-energy XRD patterns of the NiCo-A, T-AA, and NTWT-AA alloys, along with an enlarged view of the patterns in the inset.
NiCo-A features a single FCC lattice structure, while both T-AA and NTWT-AA alloys adopt a duplex lattice structure comprising FCC and L1, phases. a.u., arbitrary units.
(B) EBSD imaging showing a fully recrystallized structure of the NTWT-AA alloys. (C) The corresponding electron channeling contrast image revealing large primary L1,
precipitates (indicated by blue arrows) mainly distributed along grain boundaries, alongside small secondary L1, precipitates (indicated by an orange arrow) primarily
located inside grains. (D) Dark-field TEM image of secondary L1, precipitates obtained using the {100} superlattice diffraction spot (see the inset). (E) Aberration-corrected
STEM-HAADF image confirming the interfacial coherency between the secondary L1, precipitates and FCC matrix. (F) Atomic-scale STEM-HAADF image and the corre-
sponding EDX maps taken from the secondary L1, precipitate, demonstrating that Ni and Co atoms predominantly occupy the faced centers (Ni sublattice), whereas Nb,
Ta, W, Ti, and Al atoms are located at the vertices (Al sublattice). A diagram illustrating the sublattice site occupancy of each element in the L1; structure is provided for
reference. (G) APT three-dimensional (3D) reconstruction from the analysis of an NTWT-AA specimen, with the threshold for the iso-composition surface set at 8.5 at % Al,
highlighting the presence of secondary L1, precipitates. (H and I) Atomic distribution and proximity histograms across the L1,-FCC-L1; interfaces unveiling the partition-
ing of Co elements in the FCC matrix, while Ni, Nb, Ta, W, Ti, Al, and B elements in L1, precipitates.
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energy-dispersive x-ray spectroscopy (EDX) mapping demonstrates
that Ni and Co atoms predominantly occupy the face centers of the
L1, unit cell (Ni sublattice), while Nb, Ta, W, Ti, and Al atoms are
located at the vertices (Al sublattice) (Fig. 2F and fig. S5). Note that
the primary L1, precipitates also exhibit full coherence with the
FCC matrix (fig. $6). Further atom probe tomography (APT) mea-
surements of the NTWT-AA alloy are shown in Fig. 2 (G to I). Re-
construction of 8.5 atomic % (at %) Al isocomposition surfaces
visualizes cuboidal-shaped secondary L1, precipitates embedded in
the FCC matrix. Atomic distribution and compositional profiles of
each element across the L1,-FCC-L1, interfaces unveil that Ni, Al,
Nb, Ta, W, Ti, and B tend to aggregate in the L1, precipitates, while
Co is enriched in the FCC matrix. According to the atomic sublat-
tice site occupancy and chemical composition of the secondary L1,
precipitates in the NTWT-AA alloy (Fig. 2F and table S2), we iden-
tify the precipitates as the (Ni, Co)3(Nb, Ta, W, Ti, Al) phase. Hence,
the incorporation of multiple elements at the Al sublattice sites fa-
cilitates the formation of these precipitates. Considering the segre-
gation coeflicients of Ni, Co, Nb, Ta, W, Ti, and Al elements and
applying the lever rule to the phase diagram, the volume fraction of
secondary L1, precipitates is estimated to be 46.4% (section S1 and
fig. S7, A to C).

For the T-AA variant, coherent primary and secondary L1, pre-
cipitates also appear in the fully recrystallized matrix, with an aver-
age grain size of 2.0 + 0.3 pm (fig. S8). The average size and spacing
of the secondary precipitates along the <110> direction are 30 and
13 nm, respectively (fig. S4, D to F). The corresponding APT mea-
surements indicate that the cuboidal-shaped secondary L1, precipi-
tates are identified as the (Ni, Co)3(Ti, Al) phase (table S2 and fig. S7,
D and E). The volume fraction of the precipitates is ~54.3% (sec-
tion S1 and fig. S7, F and G).

Deformation behavior

To clarify how (Ni, Co)3(Nb, Ta, W, Ti, Al) and (Ni, Co);(Ti, Al) pre-
cipitates affect the plastic deformation behavior of NTWT-AA and
T-AA alloys, respectively, we conducted a detailed analysis of the mi-
crostructural evolution during loading. At 0.8% strain in the NTWT-
AA alloy, several stacking faults are geometrically confined within the
FCC matrix. Occasionally, paired perfect dislocations shear into a
secondary L1, precipitate (left part of Fig. 3A). In addition, as a glissile
perfect dislocation cuts into a secondary L1, precipitate, it immedi-
ately dissociates into partial dislocations, initiating the nucleation of
superlattice stacking faults within the precipitate (right part
of Fig. 3A). By 2% strain, matrix-confined stacking faults persist, but
extensive superlattice stacking faults develop in the secondary L1,
precipitates (Fig. 3B). After reaching 4% strain, numerous superlattice
stacking faults form in the secondary L1, precipitates, and the density
of stacking faults is also increased in the FCC matrix (Fig. 3C).
Aberration-corrected STEM-HAADF images further reveal that the
slip of leading partial dislocations with different displacement vectors
produces superlattice intrinsic stacking faults in secondary L1, pre-
cipitates and intrinsic stacking faults in the FCC matrix (fig. S9). At
the precipitate/matrix interface, the trailing partial dislocations in su-
perlattice stacking faults generate large compressive strains, introduc-
ing an incredibly rugged landscape that intensifies the interaction of
partial dislocations (Fig. 3E). Unexpectedly, the Lomer-Cottrell locks
formed through the reaction of the leading partial dislocations in the
FCC matrix and the trailing partial dislocations accommodate plastic
flow, serving as a bridge between the two phases (Fig. 3F). The

Dai et al., Sci. Adv. 11, eadu7566 (2025) 18 July 2025

Lomer-Cottrell locks can promote dislocation multiplication and
storage in FCC matrix (fig. S10). The successive slip of leading partial
dislocations initiates superlattice extrinsic stacking faults in the L1,
precipitates, eventually forming X-shaped stacking fault networks
within them (Fig. 3G). The interaction between superlattice stacking
faults in the precipitates and stacking faults in the matrix, X-shaped
stacking fault within the precipitates, engineer complex stacking fault
networks. These networks contribute to the dynamic Hall-Petch ef-
fect, thereby reducing the mean free path of dislocations (25-27).
Upon increasing the strain to 8%, the spacing of the stacking faults is
refined to 8.7 + 3.7 nm, intensively restricting dislocation motion
(Fig. 3D). Furthermore, the high flow stress ultimately causes super-
lattice stacking faults to shear into large primary L1, precipitates
(fig. S11). Therefore, the plastic deformation of the NTWT-AA alloy
is dominated by a stacking fault shearing mechanism. This stacking
fault shearing mechanism occasionally governs high-temperature
plastic deformation in NiCo-based and Co-based superalloys but
rarely manifests at room temperature (16, 28, 29).

However, the T-AA variant primarily exhibits plastic deformation
dominated by dislocation shearing, which requires paired perfect dis-
location shearing (see the inset in Fig. 3I and fig. S12). To further
elucidate the differences in deformation behavior between the
NTWT-AA and T-AA alloys, we conducted in situ synchrotron high-
energy XRD experiments (fig. S13). As shown, the measured super-
lattice stacking fault probability of L1, precipitates in the NTWT-AA
alloy is much higher than that in the T-AA variant (Fig. 3H and sec-
tion S2), further demonstrating the stacking fault shearing mecha-
nism in the NTWT-AA alloy. Moreover, we calculated the dislocation
density of the two alloys during deformation through in situ synchro-
tron high-energy XRD measurements and theoretical predictions us-
ing the Taylor-type hardening model (Fig. 31, fig. S14, and section S3)
(30, 31). Notably, the experimental dislocation density in the NTW'T-
AA alloy surpasses that in the T-AA alloy, indicating enhanced dis-
location multiplication and storage in the NTWT-AA alloy.
Furthermore, the experimental dislocation density in the NTWT-AA
alloy is lower than the corresponding theoretical value. This suggests
that apart from the strain hardening resulting from dislocation accu-
mulation, the stacking fault shearing mechanism in the NTWT-AA
alloy also contributes to obtaining additional strain hardenability.

Multicomponent precipitates with high APB energy

As a glissile perfect dislocation cuts through coherent precipitates
from the matrix, it forms an APB. This planar defect reverses the
atomic arrangement across the boundary, disrupting the periodic
ordering of the crystals and hindering successive perfect dislocation
propagation along the same slip trajectory (19, 32, 33). The APB en-
ergy per unit area on the slip plane hence acts as the force per unit
length to repel incoming dislocations within the precipitates. The
APB energy of ordered intermetallic compounds can notably affect
coherent precipitation hardening and the dislocation shear mecha-
nism (34, 35). NTWT-AA and T-AA are both NiCo-based alloys
strengthened by NizAl-type precipitates, but they exhibit notable
differences in mechanical performance and plastic deformation be-
havior. To examine these disparities, we estimate the APB energy of
the secondary L1, precipitates in both alloys. Bulk intermetallics
were fabricated according to the precise composition of the second-
ary L1, precipitates in both alloys (table S2 and fig. S15, A to F).
Then, the as-cast ingots were subjected to a prestrain of 3% to intro-
duce superlattice partial dislocation pairs (fig. S15, G to J).
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Fig. 3. Deformation mode. (A to D) Bright-field STEM images of the NTWT-AA alloy strained to 0.8, 2, 4, and 8%. The zone axis (Z.A.) is [110], and g represents the operation
vector. Orange arrows indicate stacking faults (SFs), green arrows highlight superlattice stacking faults (SSFs), and a purple domain marks an APB.The inserted aberration-
corrected STEM-HADDF image in (B) highlights an SSF within a secondary L1, precipitate. (E) STEM-HAADF image (top part) of a superlattice intrinsic stacking fault (SISF)
within a secondary L1, precipitate and the corresponding geometric phase analysis image (bottom part) revealing lattice strain distribution of horizontal normal strain
(exx). (F) STEM-HAADF image showing Lomer-Cottrell (LC) locks formed by the reaction of partial dislocations at the precipitate/matrix interface and in the matrix.
(G) STEM-HAADF image displaying X-shaped stacking fault networks within secondary L1, precipitates constructed by superlattice extrinsic stacking faults (SESFs) and
SISFs from different slip systems. The fast Fourier transforms of the right insets in (E) to (G) reveal the presence of superlattice diffraction spots corresponding to L1, pre-
cipitates, along with diffuse streaks indicative of SSFs and SFs. (H) SSF probability in L1, precipitates estimated through in situ synchrotron high-energy XRD measure-
ments. (1) Engineering strain versus theoretical dislocation density obtained by a Taylor-type hardening model and experimental dislocation density accessed by in situ
high-energy XRD measurements. The inset is a representative bright-field STEM image of the T-AA alloy at 4% tensile strain. R?, coefficient of determination.

Weak-beam dark-field TEM images further reveal numerous per-
fect superlattice dislocations (Burgers vector b = <110>), which
dissociate into superlattice partial dislocation pairs (Burgers vector
b, = 1/2 <110>), separated by the APBs (Fig. 4, A and B, and
fig. S16). Superlattice partial dislocation pairs generate strain fields
and repulsive interactions that drive their separation, counteracted
by the APB surface energy and stacking fault interactions that act to

Daietal., Sci. Adv. 11, eadu7566 (2025) 18 July 2025

reduce this distance. As APB energy increases, the equilibrium sep-
aration of the dislocation pairs decreases. By incorporating the mea-
sured separation distance and the inclination angle between the
dislocation line and the Burgers vector into anisotropic elasticity
theory, we quantitatively determined the APB energy in NizAl-type
intermetallics (36, 37). The (Ni, Co)3(Nb, Ta, W, Ti, Al) intermetallic
is expected to have higher APB energy than the (Ni, Co)3(Ti, Al)
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function of the inclination angle between the dislocation line and its Burgers vector. The calculated APB energy of (Ni, Co)s(Nb, Ta, W, Ti, Al) and (Ni, Co);(Ti, Al) intermetal-
lics is 308 + 14 and 183 + 8 mJ/m?, respectively. (E and F) The {111} APB energy versus the frequency of antisite defects in (Ni, Co)3(Nb, Ta, W, Ti, Al) and (Ni, Co)s(Ti, Al)
intermetallics. Multi-element incorporation at the Al sublattice sites minimizes antisite defects and improves ordering degree, leading to the formation of multicompo-

nent precipitates with ultrahigh APB energy in the NTWT-AA alloy.

intermetallic due to the shorter separation distance. We then col-
lected the separation distance and the inclination angle between dis-
location lines and Burgers vectors, and the corresponding results are
plotted in Fig. 4 (C and D). The APB energy of the secondary L1,
precipitates in NTWT-AA and T-AA alloys is then determined to be
308 + 14 and 183 + 8 mJ/m?, respectively (section S4). The APB
energy of (Ni, Co);(Ti, Al) precipitates in the T-AA alloy is consis-
tent with the reported results (13, 38). However, in the NTWT-AA
variant, the APB energy of (Ni, Co);(Nb, Ta, W, Ti, Al) precipi-
tates is about three times higher than that of NizAl precipitates
(~110 mJ/m?) (39).

Because of the inevitable presence of antisite defects in ordered
intermetallics and their notable impact on ordering degree and
APB energy (40, 41), we used density functional theory calculations
to investigate the origins of the ultrahigh APB energy of (Ni,
Co)3(Nb, Ta, W, Ti, Al) precipitates in the NTWT-AA alloy (sec-
tion S5 and fig. S17). Figure 4 (E and F) shows the frequency of
antisite defects versus the APB energy in (Ni, Co)3(Nb, Ta, W, Ti,
Al) and (Ni, Co);(Ti, Al) precipitates, respectively. Ideally, for a per-
fectly ordered L1, precipitate without antisite defects, the APB en-
ergy should be close in both precipitates, that is, ~402 + 71 mJ/m*
for (Ni, Co)3(Nb, Ta, W, Ti, Al) and ~370 + 70 mJ/m’ for (Ni,
Co)3(Ti, Al) precipitates. However, with the increase in the fre-
quency of antisite defects, the decreasing trend of APB energy of
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(Ni, Co)3(Nb, Ta, W, Ti, Al) exhibits a much smoother behavior
compared to that of (Ni, Co)3(Ti, Al). When the frequency of anti-
site defects reaches 34%, the APB energy of (Ni, Co)3(Nb, Ta, W, Ti,
Al) decreases to ~170 + 91 mJ/m? while that of (Ni, Co)s(Ti, Al)
decreases to ~32 + 64 mJ/m?. By combining the experimental APB
energies of (Ni, Co);(Nb, Ta, W, Ti, Al) (308 + 14 mJ/m?) and (Nj,
Co0)5(Ti, Al) (183 + 8 mJ/m?), we determined that the frequency of
antisite defects in the two precipitates is ~8 and ~17%, respectively.
The incorporation of Nb, Ta, W, and Ti into the Al sublattice nota-
bly reduces antisite defects, thereby enhancing the ordering degree
of NizAl-type intermetallics. To further quantify the difference in
ordering degree between (Ni, Co)3(Nb, Ta, W, Ti, Al) and (Nij,
Co)3(Ti, Al) intermetallics, we determined their ordering energies.
The (Ni, Co);(Nb, Ta, W, Ti, Al) intermetallic exhibits a lower or-
dering energy (—0.174 + 0.004 eV per atom) compared to (Ni,
Co)3(Ti, Al) intermetallic (—0.148 + 0.004 eV per atom), indicating
a higher degree of ordering (fig. S18). These findings establish that
the suppression of antisite defects and the enhancement of ordering
degree underpin the ultrahigh APB energy of multicomponent (Ni,
Co)3(NDb, Ta, W, Ti, Al) intermetallic. Different from single-element
substitution or mixed substitution of Ni and Al sublattice sites
(13, 42, 43), our approach of incorporating multiple elements (Nb,
Ta, W, and Ti) exclusively at the Al sublattice notably enhances the
APB energy of the precipitates.
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DISCUSSION

We introduced NizAl-type multicomponent precipitates with excep-
tionally high APB energy, achieving ultrahigh tensile strength and
large ductility in a soft and fully recrystallized FCC alloy. The aver-
age precipitate sizes for the NTWT-AA and T-AA alloys are 36 and
30 nm, respectively, both falling within the regime dominated by
order strengthening (sections S6 and S7 and fig. S19). Thus, we at-
tribute the precipitation hardening in NTWT-AA and T-AA alloys
primarily to order strengthening. For the NTWT-AA alloy, the con-
tributions of order strengthening to the total yield strength amount
to 1120 MPa, indicating that order strengthening dominates the
yield strength. In contrast, for the T-AA variant, the calculated con-
tribution from order strengthening is only 723 MPa, much lower
than that of the NTWT-AA alloy (section S6). The theoretically cal-
culated yield strength of the designed alloys closely resembles the
experimentally obtained results (fig. S20). Notably, the NTWT-AA

alloy exhibits the highest precipitation strengthening effect among
all FCC alloys strengthened by coherent NizAl-type precipitates
(Fig. 5A). This precipitation strengthening contributes 69.8% to the
total theoretical yield strength, supported by its exceptionally high
APB energy in multicomponent precipitates (Fig. 5B). Therefore,
the increased APB energy enhances order strengthening, thus en-
hancing the precipitation hardening effect. The ultrahigh critical
nucleation stress (~1213 MPa) of dislocations and the unprecedent-
ed tensile yield strength (1271 MPa), both resulting from the ex-
tremely large APB energy of multicomponent precipitates in
NTWT-AA alloy, further confirms this point (sections S8 and S9
and fig. S21).

In the present L1, precipitation-strengthened NiCo-based al-
loys, the transition from (Ni, Co)3(Ti, Al) precipitates with low APB
energy to multicomponent (Ni, Co)3(Nb, Ta, W, Ti, Al) precipitates
with high APB energy alters the deformation mode from dislocation
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Fig. 5. Origins of ultrahigh tensile yield strength and large ductility. (A) Ratio of precipitation strengthening to theoretical yield strength versus precipitation strength-
ening. The NTWT-AA alloy stands out compared with the T-AA and all NizAl-type (L1,) precipitation-hardened FCC alloys. (B) Volume fraction versus {111} APB energy for
the NizAl-type precipitates. The NTWT-AA alloy exhibits distinct prominence, setting it apart from the T-AA and all L1,-hardened FCC alloys. Detailed data of (A) and (B) are
listed in data S1. (C) Schematic illustration of the stacking fault shearing mechanism for NTWT-AA alloy. Glissile perfect dislocations from the FCC matrix immediately
transform into partial dislocations upon shearing into the multicomponent precipitates with high APB energy. The partial dislocations eventually shear into the multicom-

ponent precipitates, initiating the stacking fault shearing mechanism. Mutual intera
structs densely.
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ction of partial dislocations promotes nucleation of Lomer-Cottrell locks and con-
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shearing to stacking fault shearing. To explore how APB energy af-
fects the plastic deformation behavior, we initially calculated the
stacking fault energies for both FCC matrices (section S10 and
fig. $22). The corresponding stacking fault energy of the FCC matrix
in NTWT-AA and T-AA alloys is 25 + 4 and 27 + 3 mJ/m®, respec-
tively. Then, we estimated the critical stress for perfect dislocations
and Shockley partial dislocations in both alloy matrices (section S11
and fig. $23, A and C). The high critical stress for perfect disloca-
tions suggests that stacking faults dominate the plastic deformation
in both FCC matrices, coinciding with the experimental results [left
part of Fig. 3A and fig. S23 (B and D)]. Therefore, discrepancies in
deformation behavior between NTWT-AA and T-AA alloys pri-
marily stem from the differences in APB energies of their secondary
L1, precipitates. Moreover, in both cases, the characteristics of L1,
precipitates, including morphology, sizes, spacing, volume fraction,
and lattice misfit, are comparable, underscoring the notable influ-
ence of differences in APB energies on deformation behavior.

When the APB energy of NizAl-type precipitates far surpasses
their superlattice stacking fault energy, stacking fault shearing dom-
inates the plastic deformation of the alloy. Otherwise, dislocation
shearing will occur (34, 44, 45). We estimated the superlattice stack-
ing fault energy of secondary L1, precipitates in both NTWT-AA
and T-AA alloys to 181 + 25 and 208 + 31 mJ/m? respectively
(fig. S24). For the NTWT-AA alloy, the APB energy of multicompo-
nent precipitates (308 + 14 mJ/m?) far exceeds their superlattice
stacking fault energy. As glissile perfect dislocations within the FCC
matrix intersect with precipitates, the multicomponent precipitates,
characterized by their large APB energy, promote the transforma-
tion of these perfect dislocations into partial dislocations (Fig. 5C)
(44, 46). These leading partial dislocations effectively shear into the
multicomponent precipitates, initiating nucleation sites for super-
lattice stacking faults within the precipitates (right part of Figs. 3A
and 5C). In contrast, for the T-AA variant, the APB energy of the
secondary L1, precipitates (183 + 8 mJ/m?) is lower than their su-
perlattice stacking fault energy. As a result, these L1, precipitates,
with diminished APB energy, lower the energy barriers for perfect
dislocations to cut through them. Therefore, stacking fault shearing
prevails in NTWT-AA alloy, while dislocation shearing predomi-
nates in T-AA alloy.

In NTWT-AA alloy, stacking fault shearing retains trailing par-
tial dislocations at precipitate/matrix interfaces, creating an excep-
tionally rugged landscape that triggers the interaction of partial
dislocations (Figs. 3E and 5C). Thus, the Lomer-Cottrell locks gen-
erated at precipitate/matrix interfaces, along with superlattice stack-
ing faults in multicomponent precipitates and stacking faults in the
matrix, establish stacking fault networks, effectively delocalizing
plastic strain between the precipitates and matrix (Figs. 3F and 5C).
Also, these Lomer-Cottrell locks can improve dislocation prolifera-
tion in the FCC matrix (Figs. 31 and 5C and fig. S10), owing to the
sessile and immobile nature of stair-rod dislocations and Frank-
Read dislocation sources (47-49). Meanwhile, the immobile Lomer-
Cottrell locks act as strong stabilizers for the stacking fault networks
(50, 51). Moreover, the enhanced dislocation density originating
from the Lomer-Cottrell locks increases flow stress, prompting
more leading partial dislocations from other slip systems to shear
into multicomponent precipitates (Fig. 5C). Eventually, the forma-
tion of X-shaped stacking fault networks within the multicom-
ponent precipitates effectively prevents leading partial dislocations
from cutting through the precipitates (Figs. 3G and 5C). In particular,
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the reduction of the dislocation mean free path from the X-shaped
networks causes a dynamic Hall-Petch effect that contributes to the
self-hardening feature of the multicomponent precipitates. Conse-
quently, the multicomponent precipitates effectively mitigate the
glide plane softening induced by conventional dislocation shearing,
thereby facilitating deformation delocalization, promoting disloca-
tion proliferation, enhancing the dynamic Hall-Petch effect, and
eventually contributing to strain hardening.

The strain hardening observed in body-centered cubic high-
entropy alloys, which is driven by lattice distortion and deformation-
induced destruction of local chemical ordering (24, 52), does not
apply to the NTWT-AA alloy. This conclusion is supported by sev-
eral key facts: the minimal lattice distortion following the nucleation
or shearing of multicomponent precipitates, the low sensitivity of
lattice distortion to strength enhancement in FCC alloys (53, 54),
and the ultrahigh APB energy in multicomponent precipitates,
which effectively prevents the transformation from chemical order
to disorder.

Previous computational studies demonstrated that substituting
the Al sublattice in NizAl-type L1, precipitates with a single refrac-
tory element (e.g., Nb, Ta, W, or Ti) enhances their APB energy (42).
However, the effects of multi-element co-occupation at this sublat-
tice site remain unexplored. Here, we leverage the high-entropy ef-
fect to enable targeted multi-element substitution exclusively at the
Al sublattice, achieving a marked increase in APB energy beyond
previously reported limits. This approach overcomes a central chal-
lenge in earlier experimental studies, where APB energies remained
below ~300 mJ/m” due to the formation of competing phases in the
absence of entropy-driven stabilization (55, 56). Unlike strategies
involving simultaneous substitutions at both Ni and Al sublattices
(13, 43), our design confines compositional complexity to the Al
sublattice, thereby greatly increasing APB energy while preserving
phase stability.

To sum up, multicomponent precipitates with an ultrahigh APB
energy initiate an ongoing self-hardening mode through a unique
stacking fault shearing. This behavior establishes persistent and un-
paralleled strain hardenability under ultrahigh flow stress. Such ex-
ceptional strain hardenability endows the NTWT-AA alloy with
substantial ductility at ultrahigh strength.

By examining the intrinsic atomic-scale structure of the precipi-
tates, we use multi-element incorporation at the Al sublattice sites to
develop multicomponent NizAl-type L1, precipitates with an ultra-
high APB energy (~308 + 14 mJ/m?) in the soft and fully recrystal-
lized FCC NiCo-based alloy. This notably high APB energy yields a
tensile yield strength of 1616 + 9 MPa, an ultimate tensile strength
of 2155 + 22 MPa, and an impressive uniform elongation of
10.1 + 0.3%. The unprecedented APB energy notably enhances or-
der strengthening, notably contributing to yield strength and also
conferring resistance to paired perfect dislocation shearing, trans-
forming dislocation shearing into stacking fault shearing during
loading. Thus, the stacking faults within the FCC matrix, combined
with dense superlattice stacking faults in the L1, multicomponent
precipitates, cooperatively form Lomer-Cottrell locks and intricate
stacking fault networks. This stacking fault-driven deformation
mechanism gives rise to exceptional strain hardenability, resulting
in ultrahigh ultimate tensile strength and substantial ductility. Our
findings provide a viable approach for strengthening while uphold-
ing the ductility in precipitation-hardened alloys, thereby expand-
ing its applicability in target scenarios.
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MATERIALS AND METHODS

Material preparation

Alloy ingots with nominal compositions of NiCo, (NiCo)ss 95
(NbTaWTi)7A17B0,05, and (NiCO)85'95Ti7Al7B0_05 (at %) were fabricated
by arc-melting a mixture of pure metals and boron (purity, >99.9 wt
%) in a Ti-gettered high-purity argon atmosphere. The ingots were
remelted at least eight times to ensure chemical homogeneity. Melted
alloys were drop-cast into a water-cooled copper mold with dimen-
sions of 10 mm by 10 mm by 70 mm. The samples were homogenized
at 1200°C for 2 hours in a high-purity argon atmosphere, followed by
water quenching. Then, the homogenized samples were cold-rolled
to sheets with a total thickness reduction of 87%. The rolled NiCo,
(NiCo)gs.95(NbTaWTi);Al;Bg s, and (NiCo)gs.95TizAl;Bgos al-
loys were annealed at 900°, 1050°, and 1050°C for 10 min and then
water quenched. Last, the annealed (NiCo)gs.95(NbTaWT1);Al;Bg o5
wasagedat800°Cfor 16 hours,and theannealed (NiCo)s5 95 Ti;Al7Bg o5
was aged at 800°C for 4 hours, with both subsequently subjected to
water quenching.

Microstructural characterization

Both in situ and ex situ synchrotron high-energy XRD experiments
were carried out at the Powder Diffraction and Total Scattering
Beamline P02.1 of PETRA III at Deutsches Elektronen-Synchrotron
(DESY) in Hamburg, Germany (57, 58). Being operated at 60 keV,
the beamline delivered a monochromatic X-ray with a wavelength
of ~0.20738 A. For the in situ experiment, a Kammrath and Weiss
stress rig, capable of withstanding loads up to 5 kN, was positioned
between the incident beam and a two-dimensional (2D) detector to
perform tensile measurements. Subsized tensile specimens with a
gauge length of 12 mm and a width of 2 mm were used. The thick-
ness of the sample measured ~0.6 mm. The tensile tests progressed
at room temperature with a constant crosshead speed correspond-
ing to an initial strain rate of ~1 x 107> s™". The sample-to-detector
distance was ~1 m. The beam size of the incident beam was 0.6 mm
by 0.6 mm. Calibration procedures were executed using a standard
LaBg sample to ascertain detector distance and instrument broaden-
ing. 2D diffraction patterns were captured every 5 s using a fast area
detector Varex XRpad 4343CT (2880 pixels by 2880 pixels) during
tensile testing. The integration of 2D Debye-Scherrer diffraction im-
ages into 1D diffraction patterns was performed using the GSAS-II
software (59). To accurately determine the superlattice stacking fault
probability, integration along the loading direction was conducted
selectively from 87° to 93° (fig. S13). For calculating dislocation den-
sity, integration focused on obtaining diffraction patterns of the
(331) reflection, specifically from 40° to 50° (figs. SI3A and S14). In
ex situ experiments, a comprehensive phase constitution was de-
rived by integrating azimuthal angles from 0° to 360°.

EBSD analysis was performed using a Zeiss Gemini 300 micro-
scope equipped with an Oxford Symmetry detector operating at 15kV,
with a step size of 0.04 pm. Microstructure characterization was
conducted using a MIRA3 LMU scanning electron microscope
(TESCAN Company), operated at 20 kV. The specimens were ini-
tially ground with 2000-grit SiC paper, followed by vibratory polish-
ing with a 0.5-pm ALOs suspension. Last, a second vibratory
polishing step was performed using a 0.04-pum SiO, suspension.

Microstructure of the NTWT-AA and T-AA samples was charac-
terized by the Field Electron and Ion Company (FEI) Tecnai F20,
operated at 200 kV. Talos F200X G2 was used to characterize
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microstructural evolution at different deformation stages and dislo-
cation substructures. Aberration-corrected STEM (Thermo Fisher
Scientific Themis Z in Analytical Instrumentation Center of Hunan
University) equipped with a four-quadrant ChemiSTEM Energy Dis-
persive Spectrometer (EDS) system and operated at an acceleration
voltage of 300 kV. The TEM specimens were mechanically polished
to a thickness of 50 pm and then twin-jet electropolished using a so-
lution consisting of 10% perchloric acid and 90% ethyl alcohol by
volume. The aberration-corrected STEM specimen was prepared by
a dual-beam focused ion beam (FIB) system (Helios 5 CX). Initially,
a 30-kV voltage was applied for specimen transfer. During the thin-
ning process, the voltage was gradually reduced from 30 to 5 kV. Last,
a 2-kV voltage was used for polishing, minimizing damage to the
specimen from high-energy Ga ions during thinning.

APT analyses were conducted on the NTWT-AA and T-AA al-
loys using a Cameca LEAP 5000XR instrument, operated under an
ultrahigh vacuum of ~2.5 x 107" torr. The specimens were main-
tained at 77 K during measurements, with a target evaporation rate
of 3 ions for every 1000 pulses on average, using high-voltage puls-
ing mode at a 15% pulse fraction. APT specimens were prepared by
FIB on a dual-beam FEI Helios 600i. We also used Ga ions with a
2-kV voltage to polish the specimens. The CAMECA integrated vi-
sualization and analysis software, IVAS 3.6.14, was used for data
processing and 3D atomic reconstruction (60).

Mechanical property measurements

A Shimadzu AGS-X-50 kN universal testing machine equipped
with a Shimadzu noncontact digital video extensometer was used to
conduct room temperature uniaxial tensile tests. The nominal strain
rate is 1 X 107 s'. The specimens, cut along the rolling direc-
tion from the sheet using electro-discharge machining, comprised
two variants of dog-bone specimens. One variant featured a gauge
length of 9.58 mm and a cross section of 2.0 X 1.1 mm?, and the
other boasted a gauge length of 20 mm and a cross section of
5.0 x 1.1 mm?®. The specimens were mechanically polished with
2000-grit SiC paper. At least five samples of each alloy were tested to
ensure the reliability.
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