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Solute segregation during conventional manufacturing restricts the development of Ti-Cu alloys despite their
potential in biomedical applications. Here, we demonstrate that using core-shell Ti@Cu powders in laser powder
bed fusion (PBF-LB/M) enables the fabrication of hypoeutectoid Ti-2.9Cu alloys with >98.4 % density, sup-
pressed segregation, and enhanced chemical homogeneity. The resulting microstructure features equiaxed prior-
p grains with ultra-fine a laths and well-distributed nano-sized Ti,Cu precipitates at lath boundaries, contributing
to grain boundary and precipitation strengthening. Compared to blended elemental powders, the core-shell
strategy improves ultimate tensile strength by 17 % (from 857 + 15.9 MPa to 1004.5 + 18.7 MPa) and
ductility by 6.4 % (from 12.6 + 0.01 % to 13.4 &+ 1.0 %). Flow3D simulations indicate enhanced laser—powder
energy coupling and a more stable, symmetric melt pool with reduced thermal gradients and uniform convection
for the Ti@Cu feedstock, rationalizing the suppressed segregation. This study establishes feedstock architecture
as a powerful lever to unlock strength—ductility synergy in laser additively manufactured Ti-Cu alloys for

biomedical applications.

The Ti-Cu system holds promise for biomedical and aerospace ap-
plications due to its antibacterial properties, high strength, and corro-
sion resistance [1]. Notably, Ti-6Al-4V—xCu and Ti-Cu alloys show
bactericidal activity against E.coli, and S.aureus while maintaining
cytocompatibility, underscoring the biomedical relevance of controlled
Cu addition [1-3].

However, conventional manufacturing of Ti-Cu alloys is limited by
solute segregation during solidification, which produces detrimental
heterostructures (e.g., beta-fleck) and has restricted commercial adop-
tion to niche alloys such as Ti-2.5Cu (IMI 230) [4,5]. Laser powder bed
fusion (PBF-LB/M), a leading additive manufacturing (AM) technique,
provides a different pathway: its rapid solidification (up to 108 K/s)
promotes non-equilibrium solute trapping, reducing partitioning at the
solidification front and thereby suppressing Cu segregation [6,7].
Consistent with this mechanism, recent studies using pre-alloyed Ti-Cu
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powders achieve fine martensitic microstructures with high strength
(~1.1 GPa) [8]. By contrast, in situ alloying from simple elemental
powder blends, while cost-effective, suffers chemical inhomogeneity
due to the low melting point and high reflectivity of Cu, leading to Cu
segregation in localized melt pools and inconsistent properties [9-11].
Consequently, balancing strength and ductility remains difficult; for
example, Zhang et al. showed that higher Cu content (8.5 wt%) increases
strength but reduces ductility due to the formation of coarse brittle
TiyCu particles. Precise control of Cu delivery and compositional ho-
mogeneity is crucial in overcoming these issues [12].

Rather than solely optimizing process parameters or applying post-
heat treatments to address feedstock-driven inhomogeneity and
strength-ductility trade-off, we propose a core-shell feedstock design
(Ti@Cu) by coating Cu nanoparticles onto Ti powder via fluidized bed
technology (China Patent No. CN109550941B, 2020). Fluidized-bed dry
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coating was prioritized over electroless plating for its solvent-free, large-
scale operation and good powder flowability/cleanliness. The wet
plating route demanded multi-step chemistry/drying that hinders batch
consistency and risk residuals.

Coated powder strategies have been explored for AM in other alloy
systems, such as Al-Al;03 Y,03-coated Ni superalloy, and Ti-6Al-4V
coated with carbon nanotubes primarily to improve absorptivity,
densification, or cracking resistance [13-15]. Our contribution is to
translate the core-shell concept to the Ti-Cu system and demonstrate for
the first time that a Ti@Cu feedstock for PBF-LB/M can (1) control
staged Cu release and melt-pool convection to suppress segregation, (2)
yield a more chemically homogeneous microstructure with refined laths,
(3) achieve a strength-ductility synergy in the as-built state. To bench-
mark our method, we conducted PBF-LB/M fabrication of Ti-2.9Cu alloy
using conventional mechanically blended Ti/Cu powders as a baseline.
Accordingly, 2.9 wt% Cu (hypoeutectoid) leverages antibacterial Cu-ion
release while staying well below the eutectoid (~7 wt% Cu) and typical
cytotoxicity concerns. This feedstock-process synergy offers valuable
insights into advanced powder feedstock modifications and advances in
AM of Ti-Cu alloys, providing a scalable solution for producing
high-performance applications without post-treatment.

As shown in Fig. 1(a—c), conventional simply blended (SB) Ti-2.9Cu
feedstock, prepared by tumble-mixing elemental Ti (14-53 pm) and Cu
(15-45 pm) powders, exhibits significant inhomogeneity - a critical
challenge in elemental powder blends. EDS mapping reveals an
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inhomogeneous distribution of Cu powder in the mixed feedstock
(Fig. 1c), underscoring the limitations of mechanical mixing for in situ
alloying. In contrast, the core-shell (CS) Ti@Cu feedstock (Fig. 1d-f)
features a uniform Cu shell (1.5-2 pm thickness) chemically bonded to
Ti cores, ensuring homogeneous Cu distribution during printing. This
core-shell structure mitigates density-driven segregation and optimizes
laser absorptivity, which is critical for stable melt pool dynamics in PBF-
LB/M. The CS feedstock shows no gas-induced porosity and a consistent
Cu content of 2.93 wt% via ICP-MS (Inductively coupled plasma mass
spectrometry), validating its suitability for AM. XRD analysis in Fig. (i)
reveals nearly identical diffraction peaks for both powder feedstocks.
The core-shell (CS) structured Ti@Cu powder and simply blended
(SB) Ti/Cu elemental powder mixture were subsequently used to fabri-
cate Ti-Cu alloys via PBF-LB/M using a Renishaw AM400 selective laser
melting system, with a 1070 nm Nd: YAG laser and a 70 pm focal
diameter. The samples are referred to as CS-Ti2.9Cu and SB-Ti2.9Cu,
respectively. The dog-bone-shaped specimens (thickness: 3 mm, width:
14 mm, gauge length: 15 mm, and total length: 39 mm) were printed.
The laser power was varied between 240W and 320W with a step size of
40W, and scanning speeds varied between 1000 mm/s-1200 mm/s with
a step size of 100 mm/s, while hatch spacing and layer thickness were
set as 60 pm and 40 pm, respectively. Bulk density was quantified using
the Archimedes method. Microstructural characterization was con-
ducted using optical microscopy (OM), SEM-EDS (Hitachi SU-70 field
emission), electron backscatter diffraction (EBSD) with an EDAX
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Fig. 1. (a—c) Simple blending of elemental Ti and Cu powder mixture: (a) and (b) are EDS mapping of the distribution of Ti and Cu, respectively. (d-h) Core-shell
structured Ti@Cu powder: (d) SEM image of a single Ti@Cu powder, showing the homogeneous distribution of Cu onto the Ti powder; (e-f) EDS mapping of a cross-
section of ground Ti@Cu powder; (g-h) EDS mapping of the cross-section of ground Ti@Cu powder at lower magnification. (i) XRD analysis of both pow-

der feedstocks.
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Velocity ™ EBSD camera (AMETEK Incorporation, USA), and trans-
mission electron microscopy (TEM, Tecnai F30, USA). The EBSD mea-
surement specimens were prepared by standard mechanical grinding
and vibrational polishing procedures (VibroMet®2, Buehler Corpora-
tion, USA) at 50 Hz for 4 h. The collected EBSD data were analyzed using
OIM Data Analysis software. Transmission electron microscopy (TEM,
Tecnai F30, USA) was performed at 300 kV, and the associated selected
area electron diffraction (SAED) was used to elucidate the details of the
microstructure and the crystal structure of the phase. The samples for
the TEM study were prepared using a focused ion beam system (Helios
Nanolab 600i, Thermo Fisher Scientific Corporation, USA).

The core-shell approach effectively controls the microstructural
outcome in situ, as evidenced by EBSD analysis shown in Fig. 2. The role
of Cu in promoting columnar-to-equiaxed transition (CET) and grain
refining ability is enhanced, as shown in the inverse pole figure (IPF) and
band contrast (BC) map from Fig. 2(a) and (b). The corresponding
reconstruction map of parent grains (Fig. 2 al) shows that fine equiaxed
prior grains were achieved. Compared to SB-Ti2.9Cu samples (Fig. 2d
and e), the lath is much coarser with more defined grain orientations and
columnar prior grains still present. Furthermore, the use of core-shell
structure powder feedstock reduces internal residual stresses by pre-
venting the large thermal and compositional gradients, aligning with the
evidence from Kernel Average Misorientation (KAM) maps. Fig. 2 (e)
reveals a more homogeneous distribution of orientation strain in the CS-
Ti2.9Cu alloy compared to SB-Ti2.9Cu (Fig. 2f), which is attributed to a
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more controlled melting and solidification process during PBF-LB/M.
The homogeneously dispersed Cu from the shell minimizes macro-
segregation and refines the microstructure by suppressing localized
compositional gradients (Fig. 2g). In contrast, the simple blended
feedstock exhibits heterogeneous melt pool morphology, resulting in Cu
segregation as observed in Fig. 2 (h). Furthermore, CS-Ti2.9Cu yields a
clean XRD profile, with significantly sharper and higher-intensity o/’
peaks, indicating greater crystallinity with larger coherent a/o’ domains
(i.e., reduced peak broadening from microstrain) compared to the sim-
ple blend. The Cu-rich intermetallic compounds are undetectable by
XRD due to their low volume fraction.

TEM analysis distinctly highlights the critical role of powder feed-
stock design in governing the microstructural evolution of AM-
fabricated Ti-2.9Cu alloys. The core-shell approach, as shown in Fig. 3
(a) and (b), results in a highly homogeneous fine a-Ti lath microstruc-
ture, characterized by nano-scaled TiCu precipitates predominantly
confined to lath boundaries, as confirmed in Fig. 3 (e). Such structural
uniformity arises from the enhanced local Cu distribution during
melting and rapid solidification, effectively suppressing large-scale
segregation and subsequent eutectoid decomposition.

In contrast, SB-Ti2.9Cu alloy results in a heterogeneous microstruc-
ture (Fig. 3f-h), featuring a coarser o-Ti lath matrix with a higher density
of Ti»Cu nanoparticles and localized areas of eutectoid lamellar struc-
ture, along with the presence of brittle TiCus at lamellar interfaces
(Fig. 3 gl-g3). A plausible mechanism is that uneven powder

-Ti2.9Cu

——CS-Ti.29Cu
u ——SB-Ti29Cu

20 pm

)

Intensity (a.u
e

20 um

26 (degree)

Fig. 2. EBSD of CS-Ti2.9Cu: (a) IPF map with fine a-laths; (al) reconstructed equiaxed prior-p grains; (b) band contrast map; (¢) KAM map. EBSD of SB-Ti2.9Cu: (d)
IPF map with coarser o-laths; (e) band contrast; (f) KAM map. (g) SEM image of CS-Ti2.9Cu revealing no apparent Cu segregation with (g1) EDS mapping of Cu
element; (h) SEM image of SB-Ti2.9Cu revealing Cu segregation with (h1) EDS mapping of Cu element; (i) XRD patterns of both as-built samples.
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Fig. 3. TEM of CS-2.9Cu: (a) and (b) are STEM-HAADF BF images showing the as-built microstructure with (b1) and (b2) showing the X-ray maps of Ti and Cu taken
from (b); (c) High-resolution TEM (HRTEM) image at the lath boundary area. (d) The corresponding Fast Fourier Transform (FFT) image of area ‘d’ highlighted in
yellow from (c), confirming the « lath; (e) The corresponding FFT image of area ‘e’ highlighted in blue from (c), confirming Ti,Cu distributed at the boundary. TEM of
SB-Ti2.9Cu: (f) STEM-HAADF BF image shows the heterogeneous structure; (g) The localized area of eutectoid lamellar structure from (f). (h) Fine a-Ti lath matrix
with TioCu precipitate; (g1) and (g2) are the X-ray maps of Ti and Cu taken from the area highlighted in red from (g); (g3) The corresponding SAED pattern of the
region highlighted in red from (g), confirming the presence of TiCus at the boundary of eutectoid lamellar. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

distribution and local differences in energy absorption, creating pro-
nounced local Cu-rich pockets and slower solidification dynamics, thus
favoring eutectoid reactions which are rationalized via simulation.
TizCu formation with limited back-diffusion creates Ti-rich seams at
colony interfaces, favoring interfacial TiCus. Consequently, the refined
TipCu network formed through the CS strategy offers robust grain
boundary pinning and dislocation impediment without sacrificing
ductility. Whilst the eutectoid lamellae and TiCus precipitate prevalent
in SB introduce brittle interfaces, diminishing overall mechanical per-
formance. These observations underscore the advantage of core-shell
powder design in achieving superior strength-ductility synergy via
precise microstructural control.

To further explain the origin of the refined and homogeneous mi-
crostructures observed in the CS-Ti2.9Cu alloy, the laser-powder melt-
pool fields via Flow-3D simulations were analyzed. Fig. 4 reveals distinct
differences in melt pool dynamics, thermal gradients, and compositional
uniformity between simple-blend (SB) and core-shell (CS) powder con-
figurations during PBF-LB/M. In the SB case (Fig. 4a and b), the melting
point disparity between Ti and Cu causes Cu to melt prematurely,

generating localized Cu-rich melt zones. These regions produce steep
thermal gradients and turbulent melt flow that promote pronounced
solute segregation and compositional heterogeneity. The resulting melt
pool is unstable and prone to localized phase separation upon solidifi-
cation, consistent with the heterogeneous microstructure observed in
Fig. 3f-h.

In contrast, the CS design yields near-synchronous shell/core melting
and particle-scale Cu delivery, producing a uniform thermal profile and
smooth, symmetric melt flow (Fig. 4d and e). The Cu is inherently
dispersed at the particle scale, ensuring a homogeneous composition
throughout the melt pool and preventing sharp temperature spikes.
Consequently, the CS melt pool attains a slightly larger molten volume
and deeper penetration into the substrate, with the high-temperature
region more evenly distributed along the track. The temperature con-
tours in Fig. 4 (f) show a smoother, bowl-shaped profile, as opposed to
the sharper, more protruding hot spot in the blended case (Fig. 4c). It
also exhibits stable convection that uniformly mixes the molten Ti and
Cu. These favourable melt pool characteristics mitigate thermal gradi-
ents and solute segregation, explaining the refined, homogeneous
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Fig. 4. Flow 3D simulation of PBF-LB/M processes: (a,d) Initial material distribution of simple blended and core-shell powders; (b,e) Material contours during
melting and diffusion; (c, f) Temperature fields during progressive melting for blended and core-shell powders, respectively.

microstructure observed in the CS-Ti2.9Cu alloy (Fig. 3(a) and (b)).

As shown in Fig. 5a, the CS powder design enhances the ultimate
tensile strength of Ti-2.9Cu by approximately 17 %, increasing from 857
4+ 15.9 MPa in the blended condition to 1004.5 + 18.7 MPa, and
increasing ductility by 6.4 %, from 12.6 + 0.01 % to 13.4 + 1 %. The
strength-ductility map of additively manufactured Ti-based alloys
(Fig. 5b) further demonstrates that the CS-Ti2.9Cu alloy effectively
surpasses the conventional strength-ductility trade-off and approaches
the performance of workhorse Ti-6A1-4V, despite being a binary, in-situ
alloyed system. Corresponding fracture surface analyses reveal that both
the CS and SB Ti-2.9Cu alloys exhibit mixed fracture features comprising
ductile dimples and brittle facets (Fig. 5¢ and d); the CS alloy displays a
more ductile fracture mode, as evidenced by its finer and more uni-
formly distributed dimples, consistent with its slightly enhanced elon-
gation and nano-TiyCu/a-lath architecture derived from stabilized melt-
pool fields.

In the simple blending (SB) case, hard and brittle interfacial TiCug
decorates lamellar boundaries, disrupting load transfer and promoting
early microcracks, which limit uniform elongation. Flow-3D indicates
that SB develops Cu-rich melt pockets, steeper thermal gradients, and
vortical recirculation (Fig. 4), fostering eutectoid a+TisCu lamellae and
TiCugs at interfaces. In contrast, at 2.9 wt% Cu, the CS architecture de-
livers Cu at the particle scale and stabilizes the melt pool, lowering
composition fluctuations and the lamellar area fraction. This promotes
dual-phase boundary shells (TioCu/a) that help stabilize equiaxed prior-
B grains and retain nano-TioCu on a-lath boundaries for grain-boundary
strengthening without embrittlement, explaining the combined strength
and ductility gains. Quantitatively, the strength-ductility index (ours)
x gf) increases from ~108 to ~135 MPa-% (~25 % increase) [16,17],
reflecting higher tensile energy-absorption capacity. This is practically

valuable for load-bearing biomedical components where notch sensi-
tivity and early crack initiation dominate failure, and where the higher
strength permits thinner sections without sacrificing ductility.

In conclusion, using core-shell Ti@Cu powders for PBF-LB/M in-situ
alloying markedly improves the chemical and microstructural homo-
geneity of Ti-2.9Cu builds. The core-shell powder feedstock leads to a
more uniform and desirable solidification pathway that suppresses the
heterogeneous structure of coarse eutectoid formation, resulting in a
fine and consistent microstructure of o lath with dispersed nano-sized
TipCu throughout the material. Such a microstructure directly contrib-
utes to the enhanced mechanical performance, achieving ~17 % UTS
gain with a good ductility increase over the blended powder case that
suffers from brittleness due to segregated Cu at lamellae boundaries.
Fundamentally, the core-shell powder strategy demonstrates that
feedstock-controlled stabilization of the melt pool promotes uniform
solute trapping, which in turn yields tailored transformation products
and a superior strength-ductility balance in the as-built condition.
Future work will be focused on precipitation control rather than ho-
mogenization via heat treatment to tailor phase evolution and inter-
metallic distribution, with the aim of further optimizing the strength-
ductility response of the Ti-Cu alloy. In parallel, we will explore
higher Cu and multi-element or multilayer shells/cores for graded
chemistries and additional functionality via single-powder in-situ
alloying.
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Fig. 5. (a) Tensile properties of CS-Ti2.9Cu and SB-Ti2.9Cu alloys. (b) Strength—ductility map of additively manufactured Ti-based alloys for comparison: 1. [18], 2
[12].3.[19]1, 4. [20], 5. [20], 6. [12], 7. [21], 8. [22], 9.ASTM B265-15 Grade 5 Ti-6Al-4V Grade 5, 10. [20], 11. [12], 12. [23], 13. [24], 14. ASTM B265-15 Grade 4
CP-Ti, 15. ASTM B265-15 Grade 3 CP-Ti, 16. ASTM B265-15 Grade 2 CP-Ti, 17. ASTM B265-15 Grade 1 CP-Ti. (c) Fractography of the CS-Ti2.9Cu alloy, with an
enlarged view in (c1). (d) Fractography of Ti2.9Cu alloy, with an enlarged view in (d1).
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