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ABSTRACT

Additive manufacturing offers substantial design freedom for developing copper (Cu) alloy
components with complex shapes. However, the extreme process conditions of this technique
increase the risk of solidification cracking. Cu-titanium (Ti) alloy, a high-strength Cu alloy,
exhibited solidification cracks due to the Ti segregation at grain boundaries when processed
with laser powder bed fusion, reducing the appeal of Cu-Ti alloys in the additively
manufactured Cu market. In this study, we incorporated chemical fluctuations via in-situ
alloying in laser powder bed fusion to suppress solidification cracks. These fluctuations promote
the transformation from coarse columnar grains to fine near-equiaxed grains, thereby mitigating
solidification cracks at grain boundaries. Furthermore, we discovered that the degree of
chemical inhomogeneity decreased with reducing the elemental powder size of in-situ alloying.
Utilising this novel strategy, we successfully in-situ synthesised Cu-Ti alloys devoid of
solidification cracks and strengthened by cellular microstructures. Compared to Cu-Ti alloys
without chemical fluctuations fabricated using pre-alloyed powders, in-situ synthesised Cu-Ti
alloys exhibited significantly boosted tensile strength (from 306.3 MPa to 534.7 MPa) and
fracture elongation (from 1.8% to 18.4%). This study presents a practical methodology to
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address the challenge of solidification cracking in some additively manufactured Cu alloys.

1. Introduction

The industrial sector's demand for complex shapes in
copper (Cu) alloy components, such as heat exchangers,
electrodes, and windings, has led to the increased use of
laser powder bed fusion (L-PBF) for their production [1-
3]. This layer-by-layer deposition technique offers sub-
stantial design freedom, yet challenges persist in the L-
PBF of Cu alloys [4,5]. For instance, solidification cracks
were observed in multiple Cu alloy components fabri-
cated through L-PBF, significantly reducing their dura-
bility [6-16]. Mao et al. [6] reported the occurrence of
solidification cracks in L-PBF-fabricated Cu-Sn alloys
despite meticulous optimisation of process parameters.
Similarly, Lindstrom et al. [7] demonstrated that both
tin (Sn) and nickel (Ni) promote solidification cracking
in Cu alloys, exhibiting dendritic surface morphologies.
The formation of solidification cracks in Cu alloys

printed by L-PBF is closely related to the segregation
of alloying elements. For example, Fang et al. [9] ident-
ified chromium (Cr) segregation alongside solidification
cracks in L-PBF-produced Cu-Cr-Zr alloys. Furthermore,
carbon (C) was found to be segregated along grain
boundaries in Cu-C alloys built through L-PBF, triggering
solidification cracks [10]. These cracks act as stress con-
centrators during deformation, leading to premature
fracture and severely limiting the mechanical perform-
ance of the fabricated components [10,11].

Various methods have been explored to mitigate soli-
dification cracks in Cu alloys. One representative method
involves altering the chemical composition of alloys to
narrow the solidification temperature range [8,13]. For
example, Jadhav et al. [13] demonstrated that decreas-
ing the sulfur (S) content from 910 to 20 ppm in Cu-
Sn-S alloys eliminates solidification cracks by preventing
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the formation of low-melting-point liquid films during
solidification. However, most elements incorporated in
Cu alloys aim to form strengthening phases. Reducing
these alloying elements would compromise mechanical
properties. Another method focuses on minimising
thermal gradients during L-PBF processing to mitigate
crack formation [7,17]. Lindstrdom et al. [7] employed a
pre-scanning strategy to preheat the substrate, which
reduced thermal gradients and successfully suppressed
solidification cracks in the lower regions of printed Cu-
Ni alloy parts. Nevertheless, crack formation resumed
with increasing build height [7], indicating that this
method is ineffective in Cu components with complex
shapes and taller altitudes. Post-process treatments
have also been explored to heal solidification cracks
after printing [16,18]. Jozwik et al. [16] reported that
hot isostatic pressing (HIP) effectively eliminated solidifi-
cation cracks in L-PBF-fabricated Cu-Ni-Si alloys.
However, this approach is not cost-effective and will
extend production timelines. In brief, previous strategies
employed to eliminate solidification cracks in Cu alloys
printed by L-PBF present drawbacks. Exploring new
approaches to solving solidification cracking is urgently
required.

Recently, chemical fluctuations have been proposed
as a novel strategy to prevent such cracking in face-cen-
tered cubic (FCC) alloys. Ren et al. [19] elucidated that
melt convection, controlled by process parameters,
diluted the solute concentration at the bottom of the
melt pool during L-PBF. The elemental partitioning at
the grain boundaries was restricted in these localised
solute-deficient regions, which thereby prevented the
initiation and propagation of solidification cracks in
these areas [19]. However, the risk of cracking in other
parts of the melt pool cannot be entirely removed
[20,21]. Therefore, chemical fluctuations should be
further tailored to affect the grain microstructures of
the whole sample, thus stably prohibiting solidification
cracks. Moreover, the formation of chemical inhomo-
geneities in previously studied FCC alloys depended
on modulating melt convection. This process is consider-
ably more difficult to control in most Cu alloys due to
their low infrared laser absorption and high thermal con-
ductivity. This limitation likely explains why chemical
fluctuations have not yet been effectively utilised in Cu
alloys to mitigate solidification cracking. Consequently,
there is a critical need for an efficient and controllable
method to induce chemical fluctuations in L-PBF-pro-
cessed Cu alloys to suppress solidification cracks. In-
situ alloying with elemental powders has been proven
effective in generating chemical fluctuations [22,23].
For example, Varoto et al. [22] illustrated that the
inhomogeneous distribution of Cr existed in Cu-Cr

alloys in situ synthesised with Cu and Cr powders utilis-
ing L-PBF. Consequently, employing the in-situ alloying
strategy to trigger chemical fluctuations for reducing
solidification cracks should be feasible.

Ti serves as an effective alloying element for enhan-
cing the mechanical properties of Cu [24]. However,
Cu-Ti alloys processed by L-PBF frequently exhibit soli-
dification cracking, thereby limiting their practical appli-
cation. In the present study, we proposed to suppress
solidification cracking in Cu-Ti alloys by implementing
in-situ alloying to trigger chemical fluctuations during
L-PBF processing. We found that this approach gener-
ates controlled chemical fluctuations that promote con-
stitutional supercooling and facilitate heterogeneous
nucleation during solidification. The resultant micro-
structural transformation from coarse columnar grains
to refined near-equiaxed grains effectively eliminates
solidification cracking. The degree of chemical fluctu-
ation can be precisely regulated by adjusting the particle
size distribution of the elemental powder feedstock in
the in-situ alloying process. Furthermore, our findings
reveal that optimising the magnitude of these chemical
fluctuations enables the simultaneous achievement of
two critical objectives: (1) complete prevention of soli-
dification cracking and (2) preservation of beneficial
strengthening phases. This dual effect leads to signifi-
cant improvement in the mechanical performance of
L-PBF processed Cu-Ti alloys. The developed method-
ology presents a strategy for crack mitigation in metal
additive manufacturing, offering particular promise for
the development of high-strength, ductile Cu-based
alloys. The principles established in this study may be
extended to other alloy systems susceptible to solidifica-
tion cracking during L-PBF processing.

2. Experimental
2.1. Material preparation

Figure 1(a) presents pre-alloyed Cu-3 wt% Ti (PA-CuTi)
powders with particle sizes ranging from 15 to 53 pm.
Figure 1(b) shows the elemental powders utilised to in-
situ synthesise Cu-3 wt% Ti alloys. Specimens in-situ
alloyed with larger Ti powders (15-53 um) were desig-
nated as IS-CuTi-L, whereas those synthesised utilising
smaller Ti powders (5-25 pm) were labelled as IS-CuTi-
S. The mixture of elemental powders was conducted
using a 3D-shaker (Turbula® T2F, WAB Group). Before
each batch mixing, 970 g of Cu powder and 30 g of Ti
powder were placed in a plastic bottle, which was
then sealed in a vacuum bag to prevent oxidation. The
mixing parameters were set at 150 rpm for 120 min.
After the mixture, Ti powders were uniformly distributed
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Figure 1. Raw materials for printing Cu-3 wt% Ti alloys. (a) SEM image and EDS maps of pre-alloyed Cu-3 wt% Ti powders; (b) SEM
images and EDS maps of elemental powders and the mixed Cu-3 wt% Ti powders.

within the Cu powders, as depicted in Figure 1(b). The
laser reflectivity of these mixed powders was measured
using a Lambda 950 UV-Vis-NIR spectrophotometer.

Three types of Cu-3 wt% Ti powders were processed
using an L-PBF machine (DiMetal-100H), which
employed an infrared laser beam with a focused spot
size of ~50 um. To achieve high relative densities in
the printed specimens, the volumetric energy density
applied to the powder bed was varied by adjusting the
laser power to 325, 350, 375, and 400 W, as well as alter-
ing the laser scanning speed to 400 and 500 mm/s. All
other process parameters were constant across three
specimen groups, including a layer thickness of 30 um,
a hatch distance of 60 um, and a scanning rotation
angle of 67° between successive layers. The substrate
was 316L stainless steel. Small blocks (10x 10 x
2.5mm3) were fabricated to identify the optimal
process parameters. Larger blocks (30 x 24 x 2.5 mm?)
were printed to characterise the microstructures and
evaluate the mechanical properties.

2.2. Microstructure characterisation

For optical microscopy (OM) and scanning electron
microscopy (SEM) characterisations, the samples were
mechanically polished using a Struers Tegramin-25
auto-polishing machine. Polishing agents, supplied by
Struers Co., Ltd., were sequentially used to achieve a
mirror-like surface finish, including DiaPro Dac (3 um
diamond), DiaPro Nap (1 um diamond), and OP-S
(0.25 um fumed silica). For transmission Kikuchi diffrac-
tion (TKD) and transmission electron microscopy (TEM)
characterisations, thin foils with a thickness of 30 um
were ion milled using a Gatan 695 system. OM images
were captured using a ZEISS Axiolab 5 equipped with
a ZEISS Axiocam 208 colour microscopy camera. Relative

densities of the printed Cu-3 wt% Ti specimens were
measured using ImagelJ software based on the captured
OM images. Secondary electrons (SE), backscattered
electrons (BSE), energy dispersive X-ray spectrometry
(EDS), electron backscatter diffraction (EBSD), and TKD
characterisations were performed via a ThermoFisher
Apreo 2S SEM equipped with an Oxford Ultim Max EDS
detector and an Oxford Symmetry S3 EBSD detector.
Bright-field (BF) and high-resolution (HR) TEM images,
as well as scanning transmission electron microscopy
(STEM) images, were obtained using a JEOL-2100F oper-
ated at 200 kV.

2.3. Mechanical evaluation

The tensile test was conducted at room temperature
under a strain rate of 1072 s~ using a ZwickRoell Z020
TEW universal testing machine equipped with an
optical extensometer. The tensile specimens, with
gauge dimensions of 10x 2 x 1.5 mm?, were prepared
using an electrical discharge machine. Before testing,
all specimens were ground with SiC papers up to 2000
grit. The tensile direction was oriented perpendicular
to the building direction of the L-PBF process. For each
condition, three specimens were tested to ensure the
repeatability of the results. Nanoindentation was per-
formed using a FemtoTool NMT04 nanoindenter inte-
grated into a ThermoFisher Apreo 2S SEM. A Berkovich
indenter was applied to the specimen surface, achieving
a maximum contact depth of 1 um. Hardness and
reduced modulus were measured as functions of
contact depth using continuous stiffness measurement
[25], which applied a sinusoidal oscillation during
loading. The analysis of hardness and reduced
modulus was based on data collected at contact
depths between 0.7 and 0.8 um. The relationship
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between the reduced modulus (E;) and the elastic
modulus (E) of the tested specimens can be expressed
as follows [25]:

1_1—v2_|_1—v,‘2 )
E E E;

where v is the Poisson’s ratio of the tested specimen, v; is
the Poisson’s ratio of the indenter, and E; is the elastic
modulus of the indenter. Because E; is much larger
than E, and v and v; are minor, E, tested by nanoindenta-
tion can be utilised to reflect E.

3. Results
3.1. Microstructural characteristic

Figure 2 depicts the formability of the three specimen
groups. Cracks are observed in the PA-CuTi specimen
under various process parameters. As shown in
Figure 2(a), when the volumetric energy density
increased from 277.8 to 555.6 J/mm?, the crack fraction
decreased from 1.5% to 0.1%, indicating that high
energy density is beneficial to reduce cracks in Cu-Ti
alloys printed by L-PBF. However, cracks in the PA-CuTi

a =
1.6 ey
—_ 4 |
O\O ‘!."~
\E 1.2 I Y F-ﬁ B M
2 L 2%0Eem 5 400 mmis
® 0.8 —o— 500 mm/s
= —o— 600 mm/s
S
® 0.4
(@)
0.0] pa-cuTi
270 330 390 450 510 570

Volumetric energy density (J/mm?)

specimens cannot be eliminated in the present process
window. These cracks contribute to the poor relative
density of the PA-CuTi specimen, as presented in
Figure 2(b). As marked by black arrows in Figure 2(c),
cracks oriented parallel to the building direction in L-
PBF extend over 100 pm in length. Meanwhile, the
high volumetric energy density for restricting cracks
induced extensive melt pool disturbance and then
pores, which further adversely affected the relative
density of the PA-CuTi samples.

In contrast, the IS-CuTi-L and IS-CuTi-S specimens
demonstrated broader optimal process windows,
achieving relative densities above 99.0% with volumetric
energy densities ranging from 400 to 550 J/mm?
(Figure 2(b)). The defects in the IS-CuTi-L and IS-CuTi-S
specimens are dominantly pores, and no cracks were
found in these samples, as displayed in Figure 2(d and
e). Detailed OM images and defect statistics of the
above three specimen groups are exhibited in Sup-
plemental Material S.1. Consequently, a volumetric
energy density of 520.8 J/mm?® was selected to print
the three specimen groups, ensuring relative densities
exceeding 99.5% and as few cracks as possible, for
microstructure  characterisation and  mechanical

b
__100{
S
> 98 1
2 520.8 J/mm?
S 96
0 —a— PA-CUTI
£ 947 IS-CuTi-L
E —e— |S-CuTi-S

92

350 400 450 500 550

Volumetric energy density (J/mm?)

Figure 2. Relative densities and OM images of the printed specimens. (a) Crack fractions plotted as a function of volumetric energy
density in the PA-CuTi specimen; (b) relative densities plotted as a function of volumetric energy density across three specimen
groups; (c) OM image of the PA-CuTi specimen, (d) OM image of the IS-CuTi-L specimen, () OM image of the IS-CuTi-S specimen,
each subjected to a volumetric energy density of 520.8 J/mm?>. The X-axis is oriented parallel to the tensile direction, whereas the
Y-axis corresponds to the build direction. Subsequent figures maintain this coordinate orientation for consistency.



PA-CuTi

IS-CuTi-L

VIRTUAL AND PHYSICAL PROTOTYPING . 5

IS-CuTi-S

—o— PA-CuTi
—o— IS-CuTi-L
—o— IS-CuTi-S

Area fraction (%)
N
o

Fitting ellipse aspect ratio

Figure 3. Chemical distributions and grain structures of the printed specimens. EDS maps and grain orientation maps of the (a) PA-
CuTi specimen, (b) IS-CuTi-L specimen, and (c) IS-CuTi-S specimen; (d) area fraction of grains categorised by fitting ellipse aspect ratios;
(e) SEM image of the region delineated by the white dashed rectangle in (a,); (f) magnified EDS map and grain orientation map of the

region marked by the white dashed rectangle in (b,).

evaluation. Furthermore, OM images of these specimens
exhibit varying colour contrasts. The PA-CuTi specimen
displays uniform cyan colouration (Figure 2(c)), while
the IS-CuTi-L specimen exhibits yellow and cyan
regions with tens of micrometers (Figure 2(d)). The IS-
CuTi-S specimen, printed with smaller Ti powders,
shows a slight yellow and cyan contrast (Figure 2(e)).
These observations suggest the presence of chemical
fluctuations in Cu-3wt% Ti alloys fabricated using
elemental powders.

Chemical fluctuations and their impacts on grain struc-
tures are illustrated in Figure 3. In the PA-CuTi specimen,
the EDS map (Figure 3(a;)) and the inverse pole figure X
(IPFX) colouring map (Figure 3(a,)) reveal significant Ti seg-
regations at certain grain boundaries, yet no microscale
chemical fluctuations are evident. Conversely, the IS-
CuTi-L specimen exhibits numerous regions enriched or
deficient in Ti (Figure 3(by)), indicating substantial

chemical fluctuations consistent with observations in
Figure 2(c). Moreover, the grain size in the IS-CuTi-L speci-
men is reduced compared to the PA-CuTi specimen, as
depicted in Figure 3(b,). In-situ alloying utilising smaller
Ti powders mitigates chemical fluctuations in the printed
specimens, as demonstrated in Figure 3(c;). Although
the grain size of the IS-CuTi-S specimen is slightly larger
than that of the IS-CuTi-L specimen, it remains smaller
than that of the PA-CuTi specimen (Figure 3(c,)).

The fitting ellipse aspect ratio was utilised to describe
the grain morphology across the three specimen groups,
as shown in Figure 3(d). Grains with aspect ratios over 3
are classified as columnar, while those below 3 are near-
equiaxed [26]. In the PA-CuTi specimen, near-equiaxed
grains constitute only 3% of the observed area, while
columnar grains are predominant. In contrast, the area
fractions of near-equiaxed grains in the IS-CuTi-L and
IS-CuTi-S specimens increase to 85% and 47%,
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Table 1. Parameters of grain structures in the printed
specimens.

PA- IS-CuTi-  IS-CuTi-
Specimens CuTi L S
Area fraction of near equiaxed grains (%) 3 85 47
Average grain size (um) 28.7 16.7 21.9
Density of high-angle grain boundaries 343 86.6 67.3
(mm™)
Density of low-angle grain boundaries 17.7 21.2 14.9
(mm™)

respectively. Table 1 shows other parameters of the
grain structures in detail. High-angle grain boundaries
exhibit misorientations exceeding 10°, while misorienta-
tions of low-angle grain boundaries range from 3° to 10°.
Compared to the PA-CuTi specimen, the grain size
decreases and the length of the grain boundaries
increases in the IS-CuTi-L and IS-CuTi-S specimens.

The region delineated by the white dashed
rectangle ‘e’ in Figure 3(a;) was further examined
under the SE mode, revealing cracks along grain bound-
aries with significant Ti segregation (Figure 3(e)). The
region marked by the white dashed rectangle ‘f' in
Figure 3(b;) was observed under high magnification, as
shown in Figure 3(f). The Ti-enriched regions (Figure
3(f;)) impede the growth of columnar grains along the
building direction of L-PBF, as illustrated in Figure 3(f,).
These findings indicate that coarse columnar grains
transform into fine near-equiaxed grains in Cu-3 wt%
Ti alloys due to chemical fluctuations induced by the
in-situ alloying strategy with elemental powders.

BSE images and EDS maps were utilised to further
examine the influence of chemical fluctuations on cellular
microstructures, as illustrated in Figure 4. In the PA-CuTi
specimen, cellular microstructures are observed, charac-
terised by cellular walls deficient in Cu but enriched
with Ti (Figure 4(a)). The microstructures in the IS-CuTi-L
specimen, influenced by chemical fluctuations, were cate-
gorised into three distinct types. The first type, indicated
by the yellow dot ‘A’ in Figure 4(b,), exhibits a low Cu
content (Figure 4(b,)) but a significantly high Ti concen-
tration (Figure 4(bs)). Quantitative analysis reveals a Ti
content of 26.51 wt% at this location (Table 2). This com-
position corresponds to the eutectoid region of the Cu-Ti
phase diagram [24], comprising Cu,Ti and CusTi, phases.
The second type, marked by the yellow dot ‘B’ in
Figure 4(b,), shows a reduced Ti content of 9.41 wt% com-
pared to the first type (Table 2). Cellular microstructures
are evident at this site (Figure 4(c;)), similar to those
observed in the PA-CuTi specimen, with Ti enrichment
at the cellular wall and a lower concentration in the
interior (Figure 4(cy)). The third type, denoted by the
yellow dot ‘C’ in Figure 4(b,), exhibits a relatively low Ti
content of 2.53wt% (Table 2), with no cellular

microstructure observed at this location (Figure 4(d)).
Consequently, chemical fluctuations altered the solidifica-
tion behaviour, particularly affecting the formation of cel-
lular microstructures in the printed Cu-3 wt% Ti alloys.

Although chemical fluctuations were also present in the
IS-CuTi-S specimen, their magnitude was insufficient to
disrupt cellular microstructure formation. In Figure 4(e), cel-
lular microstructures were uniformly distributed, with their
assembly directions aligned parallel to the grain growth
direction, as indicated by the white lines. The cellular micro-
structures in the IS-CuTi-S specimen (Figure 4(f,)) exhibited
similar chemical characteristics to those in the PA-CuTi and
IS-CuTi-L specimens, with cellular walls deficient in Cu
(Figure 4(f,)) but enriched in Ti (Figure 4(f5)). Quantitative
EDS-point analyses from positions marked by yellow dots
in Figure 4(f;) revealed Ti concentrations of 4.50-5.00 wt
% at the cellular walls and less than 3.00 wt% at the
interiors (Table 2). Thus, cellular microstructures were suc-
cessfully achieved in the in-situ synthesised Cu-3 wt% Ti
alloys without solidification cracks. Additionally, dark-con-
trast nanoparticles, identified as Ti oxides, were observed
in the BSE images of all three specimens (Supplemental
Material S.2).

The phase composition and crystalline orientation of
cellular microstructures in the IS-CuTi-S specimen were
meticulously elucidated through TEM and TKD analyses,
as depicted in Figure 5. The BF-TEM image (Figure 5(a))
reveals that the cellular walls characterised by a high
density of dislocations exhibit a pronounced dark con-
trast, whereas the cellular interiors highlighted in green
display rare dislocations. The selected area electron diffr-
action (SAED) pattern presented in Figure 5(b), acquired
at the interface between the cellular wall and interior as
shown in Figure 5(a), exclusively reveals diffraction spots
corresponding to the [011]¢, zone axis. High-density dis-
locations within the cellular walls are further corroborated
by the dark-field (DF) STEM images (Figure 5(c and d)). TKD
characterisations, displayed in Supplemental Material S.3,
quantified that the dislocation density within the cellular
wallis higher than 2 x 10'°/m? The genesis of these dislo-
cations is ascribed to the tension-compression cycles
induced by the recurrent thermal cycles inherent in the
L-PBF process [27]. Further examination near an alterna-
tive zone axis of the matrix is provided by the BF-TEM
image in Figure 5(e), with the corresponding SAED
pattern (Figure 5(f)) revealing diffraction spots aligned
with the [001]c, zone axis. Additionally, the HR-TEM
image (Figure 5(g)) and its associated fast Fourier trans-
form (FFT) image (Figure 5(h)) unequivocally confirm the
exclusive presence of the face-centered cubic (FCC) Cu
phase. Prior investigations have demonstrated that diffr-
action spots of Cu,Ti precipitates would be discernible
under the [011]¢, and [001]c, zone axes if such



VIRTUAL AND PHYSICAL PROTOTYPING . 7

PA-CuTi

-\

IS-CuTi-L

IS-CuTi-S

=

Figure 4. Chemical distributions and cellular microstructures of the printed specimens. BSE images and EDS maps of the (a) PA-CuTi

specimen, (b-d) IS-CuTi-L specimen, and (e-f) IS-CuTi-S specimen.

precipitates were present [28,29]. However, in the IS-CuTi-
S specimen, only diffraction spots corresponding to the
FCC Cu phase were observed, even in regions of the cellu-
lar wall enriched with Ti. This suggests that Ti atoms are
dissolved with the Cu matrix rather than forming precipi-
tates, a supersaturation phenomenon attributable to the
rapid cooling rates characteristic of the L-PBF process
[30]. The X-ray diffraction pattern of the IS-CuTi-S speci-
men (Supplemental Material S.4) also indicated that no
Cu,4Ti precipitates existed in the printed Cu-Ti alloys. The
region encompassing the cellular microstructures was
imaged using a forward-scattered electron detector

(FSD), and the corresponding crystalline orientation
maps reveal an absence of crystalline misorientations at
the interface between the cellular wall and interior
(Figure 5(i)).

3.2. Mechanical property

The impact of chemical fluctuations on mechanical per-
formance was evaluated through tensile testing of bulk
samples, as depicted in Figure 6. The engineering stress—
strain curves and corresponding fracture surface of the
three specimen groups are illustrated in Figure 6(a).
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Table 2. EDS-point analyses in IS-CuTi-L and IS-CuTi-S specimens.

Num. A B C D E F G H

Cu (wt%) 73.49 90.59 97.47 95.23 97.38 95.05 97.29 95.29
Ti (wt%) 26.51 9.41 2.53 4.77 2.62 4.95 2.71 4.7
Error (wt%) 0.97 0.28 0.23 0.42 0.36 0.40 0.37 0.41

The PA-CuTi specimen demonstrates a remarkable
enhancement in strength but negligible ductility. Rela-
tive to the PA-CuTi specimen, the IS-CuTi-L and IS-
CuTi-S  specimens exhibit significantly improved
strength and ductility. Insets in Figure 6(a) showcase
the fracture surfaces of these specimens. The fracture
surface of the PA-CuTi specimen reveals cracks that con-
tributed to premature failure. For the fracture surface of
the IS-CuTi-L specimen, a microscale cleavage region,
encircled by the green dotted line, was observed,
suggesting that intense chemical fluctuations induced
the fracture. Detailed evidence supporting this obser-
vation is provided in Supplemental Material S.5. Conver-
sely, the fracture surface of the IS-CuTi-S specimen only
exhibits the dimpled morphology, consistent with its

high elongation. For each specimen group, three
tensile curves were employed to calculate the average
tensile properties, as shown in Supplemental Material
S.6. The average tensile properties are presented in
Figure 6(b). In particular, the PA-CuTi specimen achieved
an ultimate tensile strength (UTS) of 306.3 MPa and a
uniform elongation (UE) of 1.6%. In contrast, the IS-
CuTi-L specimen attained a UTS of 452.1 MPa and a UE
of 10.2%. Further tailoring chemical fluctuations led to
an increase in UTS to 534.7 MPa and an enhancement
in UE to 12.1% in the IS-CuTi-S specimen. Moreover,
the IS-CuTi-S specimen demonstrates superior work-
hardening capacity compared to the IS-CuTi-L specimen,
as illustrated in Figure 6(c). Compared to other Cu alloys
printed by L-PBF, Cu-3Ti alloys fabricated via L-PBF in

111

500 nm 500 nm

001 101

Figure 5. Phase composition and crystalline orientation within the cellular microstructures of the IS-CuTi-S specimen. (a) BF-TEM
image illustrating the cellular microstructures, accompanied by (b) the corresponding SAED pattern under the [011]c, zone axis;
(c) DF-STEM image of cellular microstructures; (d) DF-STEM image highlighting the high-density dislocations at the cellular wall;
(e) BF-TEM image of cellular microstructures with (f) the corresponding SAED pattern under the [001]¢, zone axis; (g) HR-TEM
image and (h) the associated FFT image; (i) TKD images demonstrating a consistent crystalline orientation between the cellular

wall and interior.
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examination of fracture surfaces; (b) comparative analysis of yield strength (YS), UTS, UE, and fracture elongation (FE) of the speci-
mens; (c) work-hardening curves; (d) Ashby map of YS and the product of strength and elongation of Cu-3Ti alloys in this work

and other Cu alloys printed by L-PBF [6,10,13,31-57].

this study exhibited a good combination of strength and
ductility. After the optimisation of chemical fluctuations,
both yield strength and the product of strength and
elongation of the printed Cu-Ti alloys are higher than
the majority of Cu-Cr and Cu-Ni alloys, as shown in
Figure 6(d).

Nanoindentation was performed to elucidate the
impact of chemical heterogeneities on localised mech-
anical properties. In the IS-CuTi-L specimen, distinct
microscale hard and soft regions are identified, as
depicted in Figure 7(a). The hard regions exhibit a high
reduced modulus, whereas the soft regions demonstrate
a low reduced modulus (Figure 7(b)). In contrast, the
delineation between hard and soft domains in the IS-
CuTi-S specimen is less pronounced (Figure 7(c and d)),
suggesting a more uniform localised mechanical per-
formance in this sample. The connection between
chemical distribution, cellular microstructure, and loca-
lised mechanical properties was visually elucidated by
characterising the microstructure adjacent to the
nanoindentation traces. A region with unevenly distrib-
uted Ti was displayed by the EDS-mapping (Figure

7(e)). The corresponding BSE image of this region indi-
cates that the Ti-deficient area lacks cellular microstruc-
tures, but the Ti-enriched area exhibits cellular
microstructures (Figure 7(f)). The area without cellular
microstructures (traces A and B) displays low hardness
(less than 2.3 GPa) and modulus (130-160 GPa) values,
while the area with cellular microstructures (traces C
and D) showcases enhanced hardness (approximately
25GPa) and modulus  (140-180 GPa)  values
(Figure 7(g)). Therefore, chemical fluctuations influence
localised mechanical properties by affecting the pres-
ence of cellular microstructures.

3.3. Deformation microstructure

In the preceding section, it was elucidated that chemical
fluctuations significantly influence both macro and
micro mechanical properties. Primarily, these fluctu-
ations were instrumental in mitigating solidification
cracking in Cu-Ti alloys, thereby ensuring superior mech-
anical characteristics. The subsequent inquiry pertains to
the observation that IS-CuTi-S specimens, characterised
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Figure 7. Influence of chemical fluctuations on localised mechanical properties in IS-CuTi-L and IS-CuTi-S specimens. (a) Hardness and
(b) reduced modulus maps of the IS-CuTi-L specimen; (c) hardness and (d) reduced modulus maps of the IS-CuTi-S specimen; repre-
sentative region in the IS-CuTi-L specimen: (e) EDS map of Ti, (f) BSE image, (g) hardness and elastic modulus of the cellular micro-

structure and no cellular microstructure regions.

by slight chemical fluctuations, exhibit enhanced
strength and ductility compared to IS-CuTi-L specimens.
Consequently, this section endeavours to elucidate the
intrinsic deformation mechanisms responsible for the
markedly improved mechanical properties of Cu-Ti
alloys through the modulation of chemical fluctuations.

The microstructure features in the deformed Cu-Ti
alloys were meticulously examined, as illustrated in
Figure 8. Deformation twins and high-density dislo-
cations were observed in the deformed IS-CuTi-L and
IS-CuTi-S specimens (Figure 8(a and b)). The geometri-
cally necessary dislocation (GND) density averages
6.2%x10"" m™2 in IS-CuTi-L specimens, increasing to
72%x10™m™2 in IS-CuTi-S specimens (Figure 8(c)).
Additionally, numerous low-angle grain boundaries
(LAGBs) with misorientations ranging from 3° to 10°
were engendered in Cu-Ti alloys during deformation.
Quantitative analysis revealed that the LAGBs ratio in
Cu-Ti alloys escalates from approximately 20% in their
as-printed states to nearly 80% post-deformation
(Figure 8(d)). Notably, both the GND density and the
LAGBs ratio in the IS-CuTi-L specimen are lower than
those in the IS-CuTi-S specimen. Another salient micro-
structure feature in the deformed Cu-Ti alloys is crystal-
line rotation. In Figure 8(e), a grain extracted from the IS-
CuTi-S specimen exhibits a nearly (111) orientation
when observed in the IPFX map. The (111) crystalline
orientation is relatively stable in FCC metals when

stretched along the observation direction [58]. Hence,
variations in crystalline orientation are not readily appar-
ent in the IPFX map. However, the grain undergoes
rotation in other directions, leading to variations in crys-
talline orientations, as depicted in the IPFY and IPFZ
maps of Figure 8(e). In summary, the deformed Cu-
3 wt% Ti alloys, fabricated via L-PBF using elemental
powders, exhibit deformation twins, high-density dislo-
cations, substantially increased LAGBs, and pronounced
crystalline rotation.

Intrinsic reasons for the lower GND density and LAGBs
ratio in the IS-CuTi-L specimen compared to the IS-CuTi-
S specimen post-deformation were investigated in
Figure 9. In the deformed IS-CuTi-S specimen, strip-like
fluctuations of crystalline orientations are depicted in
Figure 9(a;). Except for the twin boundaries highlighted
by the blue lines, numerous LAGBs marked by red lines
were observed in the grain interior (Figure 9(ay)).
Additionally, high-density dislocations were homoge-
neously distributed in the grain interior, as demon-
strated in Figure 9(a3). In contrast, the deformed
microstructures in the IS-CuTi-L specimen were
uneven. As exhibited in Figure 9(b;-bs), the region
with obvious strip-like fluctuations of crystalline orien-
tations exhibited abundant LAGBs and dislocations,
whereas the region without strip-like fluctuations of
crystalline orientations displayed few LAGBs and dislo-
cations. The corresponding EDS map (Figure 9(b,))



IS-CuTi-L

VIRTUAL AND PHYSICAL PROTOTYPING . 1

0

x
=
il
a2

3
%
w
S

IS-CuTi-S

10
C /
£ 8
- |
o
T 64
2>
B
T 41
©
2
o 27
0 v
IS-CuTi-L IS-CuTi-S
Sample types
d 80 —
— 66 Deformed
X
2 52
o
n
m 38
2
o4 Printed
e
101
50 um IS-CuTiL  IS-CuTi-S
Sample types
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the printed and deformed states; (e) crystalline rotation observed in the IS-CuTi-S specimen.

demonstrated that the region devoid of strip-like fluctu-
ations of crystalline orientations was deficient in Ti.
Therefore, the origination of strip-like fluctuations of
crystalline orientations was tailored by chemical fluctu-
ations. The enlarged observations in Figures 9(c) and
9(d) further endorsed this declaration. The region with
relatively high Ti content (marked by the black rectangle
‘c’ in Figure 9(b,)) displayed strip-like fluctuations of
crystalline orientations (Figure 9(c,;)). Misorientations
(Line-1) between these strip-like fluctuations exceed 3°,
defined as LAGBs, as depicted in Figure 9(c,). Conversely,
crystalline orientations in the Ti-deficient region (marked
by the black rectangle ‘d" in Figure 9(b,)) were consist-
ent, as exhibited in Figure 9(d;). Correspondingly,
point-to-point misorientations (Line-2) remained below
2° (Figure 9(dy)). Hence, the Ti-deficient regions
induced by intense chemical fluctuations led to the
decrement of LAGBs and dislocations in the deformed
IS-CuTi-L specimen.

The genesis of strip-like fluctuations of crystalline
orientations was illustrated through TKD characteris-
ation, as shown in Figure 10. In Region |, strip-like

fluctuations of crystalline orientations were observed
in Figure 10(a;). Coupled with the EDS map of the
same area (Figure 10(ay)), it was found that the cellular
wall with high Ti content exhibited one crystalline orien-
tation, while the cellular interior with relatively low Ti
content exhibited another crystalline orientation. Misor-
ientations between the cellular wall and the cellular
interior were measured over 3° (Figure 10(asz)). These
misorientations were triggered during deformation
because no misorientation between the cellular wall
and the cellular interior was detected in the printed IS-
CuTi-S specimens (Figure 5(i)). The formation of these
misorientations is not ascribed to kinking, another
strip-like deformation microstructure in metals. The
rotation axis of kink bands is parallel to the slip plane
and perpendicular to the slip direction [59,60]. For FCC
metals with the {111}(110) slip system, the rotation
axis of the kink band is (112). However, no {(112) rotation
axis was found between the cellular wall (Point ‘A’ in
Figure 10(a;)) and the cellular interior (Point ‘B’ in
Figure 10(a,)) post-deformation, as demonstrated in
the {112} pole figure (Figure 10(as)).
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Figure 9. Deformed microstructures influenced by chemical fluctuations in the IS-CuTi-S and IS-CuTi-L specimens. IS-CuTi-S specimen:
(a7) Crystalline orientation map, (a,) grain boundary map, and (as) GND density map; IS-CuTi-L specimen: (b;) crystalline orientation
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marked by the black rectangle ‘d" in (b,); (d,) misorientations along Line-2 in (d,).

Region Il of TKD characterisations further confirmed
the impact of the crystalline rotation on activating the
misorientations between the cellular wall and the cellu-
lar interior. In Figure 10(b,), the region near the grain
boundary (marked by the black dashed line) was
rotated, while the region away from this grain boundary
was not rotated. During deformation, areas adjacent to
grain boundaries tended to rotate to preserve
the grain boundary integrity, but regions farther from
grain boundaries were more stable [61]. Combined
with the morphology of cellular microstructures show-
cased in the FSD image (Figure 10(b,)), the crystalline
orientation tended to be maintained at cellular walls
but rotated in cellular interiors. Misorientations along
Line-2 only exceeded 3° in the rotated region, as
shown in Figure 10(bs). Consistent with the observations
in Region |, no (112) rotation axis was found between
the cellular wall (Point ‘C’ in Figure 10(b,)) and the cellu-
lar interior (Point ‘D’ in Figure 10(b,)) in the rotated
region (Figure 10(bs)). Thus, strip-like fluctuations of
crystalline orientations are activated by the different

crystalline rotations between the cellular wall and cellu-
lar interior, which is further manifested as LAGBs
observed in Figures 8 and 9.

The influence of cellular  microstructures
accompanied by their induced crystalline misorienta-
tions on dislocation movement was investigated
through TEM characterisations, as shown in Figure 11.
The cellular microstructures retained their original mor-
phology post-deformation (Figure 11(a)). The SAED
pattern was acquired from the interface between the
cellular wall and interior in Figure 11(a), where diffrac-
tion spots parallel to the [011]c, zone axis were
divided into two sets with a misorientation of approxi-
mately 3° (Figure 11(b)). The divided diffraction spots
confirmed the crystalline misorientations between the
cellular wall and interior formed during deformation.
The formation of misorientations enhanced the ability
of cellular microstructures to pin dislocations. Conse-
quently, numerous dislocations were confined within
the cellular interior, as shown in the BF-TEM image
under the g=111 two-beam condition (Figure 11(c)).
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Except for cellular microstructures, deformation twins
also inhibited the dislocation movement. BF-TEM
image (Figure 11(d)) and the corresponding SAED
pattern (Figure 11(e)) identified the deformation twins
in the deformed Cu-Ti alloys. Abundant dislocations
were accumulated near the boundaries of deformation
twins, as indicated by the cyan arrows in Figure 11(f).
Therefore, both cellular microstructures and defor-
mation twins contribute positively to the strength of
Cu-Ti alloys by effectively hindering dislocation motion.

4, Discussion

4.1. Origination and influence of chemical
fluctuation

In this study, chemical fluctuations play a critical role in
Cu-3 wt% Ti alloys. Firstly, specimens exhibiting chemi-
cal fluctuations were free from cracks and demonstrated
an outstanding combination of strength and ductility.
Secondly, chemical fluctuations influenced the

formation of cellular microstructures, thereby affecting
the localised mechanical properties and deformation
behaviour. Thirdly, the mechanical performance of Cu-
3 wt% Ti alloys was further enhanced by adjusting the
degree of chemical fluctuations. Therefore, understand-
ing the formation mechanisms of these chemical fluctu-
ations in Cu-3wt% Ti alloys printed via L-PBF with
elemental powders is of significant interest.

In the PA-CuTi specimen, no chemical fluctuation was
detected, which indicates that the formation of chemical
fluctuations was not attributed to the L-PBF process in
this study. The probability of the number of Ti
powders captured by a single melt pool and the laser
reflectivity of the mixed powders should be dominant
factors impacting the formation of chemical fluctuations.
In the mixed powders (Figure 1(b)), though Ti powders
were uniformly embedded in Cu powders, the melt
pool was insufficient to capture roughly the same
number of Ti powders. The discrete probability distri-
bution of elemental powders for in-situ alloying within
the bulk specimen prepared by L-PBF, R, can be
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Figure 11. Dislocation movements impacted by cellular microstructures and deformation twins in the IS-CuTi-S specimen. (a) BF-TEM
image of cellular microstructures; (b) SAED pattern collected from the interface between the cellular wall and the cellular interior in (a);
(c) dislocations at the cellular interior; (d) BF-TEM image of deformation twins; (e) SAED pattern collected from the deformation twins

in (d); (f) dislocations restricted by deformation twins.

expressed as follows [62]:

(4A)ke—@N

R= - (2)
where k represents the number of alloying powders cap-
tured by a single melt pool, and A is the average rate of
powder capture (which is proportional to the square of
the melt pool diameter and inversely proportional to
the square of the average spacing between alloying
powders). This equation also considers the remelting
effect between adjacent tracks and layers. The median
diameters of large and small Ti powders were measured
as 39.5 and 16.0 um, respectively. The average rate of Ti
powders captured by the melt pool was estimated to be
0.73 for large Ti powders and 4.42 for small Ti powders.
Consequently, the probability of the number of Ti
powders captured by a single melt pool is illustrated in
Figure 12(a). The region devoid of Ti powders accounted
for approximately 5% in the IS-CuTi-L specimen, which is
approaching the experimental value measured in Sup-
plemental Material S.7. Meanwhile, the region contain-
ing two Ti powders occupied nearly 25% in the IS-
CuTi-L specimen, while the region containing five Ti
powders also occupied a high fraction of around 10%.
This sharp variation was detrimental to the chemical
homogeneity in the as-printed specimens. Therefore,
significant chemical fluctuations were observed in the
IS-CuTi-L specimen. In contrast, the melt pool in the IS-
CuTi-S specimen contained at least 10 small Ti

powders (Figure 12(a)), which restricted the formation
of Ti-depleted regions. Moreover, due to the reduced
Ti powder size, the distinction in the Ti content in
different melt pools would decrease, even though they
contain slightly different numbers of Ti powders.
Hence, reducing the elemental powder size of in situ
alloying in L-PBF can effectively decrease the degree of
chemical fluctuation. On the other hand, the laser reflec-
tivity of the mixed Cu-3 wt% Ti powders was influenced
by the elemental powder size. As exhibited in Figure
12(b), the laser reflectivity of the IS-CuTi-L powders is
79.9% at a wavelength of 1064 nm, which was used in
this study. In comparison, the laser reflectivity of the
IS-CuTi-S specimen decreased to 68.3%. The reduction
of laser reflectivity enhanced the actual energy input
on the powder bed during the L-PBF process [63]. The
increased energy input further facilitated intense melt
flows, which promoted the diffusion of Ti within the
melt pool, thereby reducing the chemical fluctuations
in the IS-CuTi-S specimen.

The chemical fluctuations affected the grain structures
and cellular microstructures in the printed Cu-3 wt% Ti
alloys. As observed in Figure 3, chemical fluctuations pro-
moted the transformation from coarse columnar grains
to fine near-equiaxed grains. The intrinsic mechanism
for grain structure evolution was analyzed as follows.
Generally, grain nucleation is controlled by the consti-
tutional supercooling at the solidification front (ATcs)
and the critical undercooling for nucleation (AT),), if
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there are no additional nucleation agents [64]. As shown equal to the liquidus temperature of the alloy (Tf)
in Figure 12(c), for the alloy with an alloying elementcon-  minus the current temperature of the new liquid after
centration, Gy, the constitutional supercooling (AT) is forming a fraction of solid (T¢s) [65]. When the
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constitutional supercooling (AT) is larger than the criti-
cal undercooling for nucleation (AT,), grain nucleation is
triggered [65]. During the solidification process of the in-
situ synthesised Cu-3 wt% Ti alloys, the solidification
front might approach the Ti-enriched liquid phase. Sub-
sequently, the Ti content in the actual liquid phase was
instantaneously increased from the current Ti concen-
tration in the liquid (C;) to the Ti concentration in the
Ti-enriched liquid (AC;). Assuming the current tempera-
ture (T¢) and the current Ti concentration in the solid
phase (Cs) did not change instantaneously, the actual
liquidus curves should evolve from the black line to the
dashed purple line to balance the new solidification
system with an increased Ti content in the liquid (AC,).
Therefore, the new constitutional supercooling is equal
to the actual liquidus temperature of the solidification
system (ATg) minus the current liquidus temperature
(Tc), which is larger than the initial constitutional super-
cooling (Tg — T¢). Consequently, the solidification
system exhibits a stronger nucleation tendency when
its solidification front approaches the Ti-enriched liquid
phase. Except for the improved constitutional supercool-
ing, intermetallics produced by extensive chemical
fluctuations, as shown in Figure 4(b), can serve as hetero-
geneous nucleation sites. A schematic was employed to
display the distinction of grain growth between the PA-
CuTi and the IS-CuTi specimens (Figure 12(d)). For the
PA-CuTi specimen, since no additional nucleation
agents appeared in the liquid phase, the nucleation of
grains was dominantly controlled by the initial consti-
tutional supercooling (Tg — T¢), which was insufficient
to restrict the epitaxial growth of grains. Thus, coarse
columnar grains formed in the PA-CuTi specimen. In con-
trast, for the IS-CuTi specimen, both intermetallics and
the improved constitutional supercooling (ATg — T¢)
promote the nucleation. Therefore, the epitaxial growth
of grains was prohibited in the IS-CuTi specimen. Since
the chemical fluctuation in the IS-CuTi-S specimen was
weaker than that in the IS-CuTi-L specimen, the grain
size of the IS-CuTi-S specimen was slightly larger than
that of the IS-CuTi-L specimen (Figure 3).

Due to the grain refinement induced by chemical
fluctuations, the density of grain boundaries significantly
increased (Table 1), which enhanced the total interfacial
area to distribute Ti atoms. Therefore, the Ti content at
grain boundaries was reduced, inhibiting the tendency
of segregation-induced liquation [66]. Moreover, com-
pared to coarse columnar grains, equiaxed grains with
abundant LAGBs were beneficial for coordinating the
enormous thermal stress formed during the repeated
heating/cooling processes of L-PBF [67-71]. Hence, soli-
dification cracks disappeared in the IS-CuTi-L and IS-
CuTi-S specimens due to grain refinement via chemical

fluctuations. Refining grains to restrict solidification
cracks was widely reported as an effective methodology.
Unlike previous studies that added nucleation agents or
modified process parameters [72-75], this contribution
proved that the chemical fluctuations formed during
the in-situ alloying in L-PBF were also efficient in realising
grain refinement. Significantly, introducing chemical
fluctuations to refine grains and further remove solidifica-
tion cracks is a more general method than finding nuclea-
tion agents on a case-by-case basis for different alloys.

Chemical fluctuations also influenced the formation
of cellular microstructures, as shown in Figure 12(e).
When the localised Ti is extremely high (like 26.5 wt%
at Point A in Figure 4(b,)), the intermetallic phases
have a higher nucleation tendency than the Cu-Ti solid
solution. Therefore, no cellular microstructures but inter-
metallics formed in this position. When the localised Ti
content decreased (like 9.41wt% at Point B in
Figure 4(b,)), the liquid phase starts to be solidified as
a form of supersaturated solid solution rather than inter-
metallics. Since the partition of Ti at the liquid phase is
higher than that in the solid phase, and thus the concen-
tration of Ti at the liquid phase of interdendritic spaces is
higher than that in the dendritic arms. When the temp-
erature further decreased during the solidification, inter-
dendritic spaces solidified as the cellular wall with
relatively higher Ti content than the cellular interior.
The solidification as a form of cellular microstructures
happened in a wide range of localised Ti content. For
instance, cellular microstructures were observed in the
PA-CuTi and IS-CuTi-S specimens, whose localised Ti
contents are approximately 3 wt%. When the localised
Ti content decreased to less than 3 wt% in Cu-Ti alloys
(like 2.53 wt% at Point C in Figure 4(b,)), the fraction
of the liquid phase in the semi-solid status would
decrease, which restricted the formation of cellular
microstructures [76]. Therefore, some regions exhibited
no cellular microstructure after solidification. In the IS-
CuTi-S specimens with weak chemical fluctuations, cellu-
lar microstructures were relatively homogeneous,
whereas in the [S-CuTi-L specimens with intensive
chemical fluctuations, some regions exhibited interme-
tallic phases or no cellular microstructures.

4.2. Contribution to strength and ductility

With modulating chemical fluctuations, the yield
strength of Cu-Ti alloys was gradually increased.
Factors contributing to the yield strength of Cu-Ti
alloys include grain boundary, oxide, dislocation, solid
solution, and cellular microstructure. Contributions of
these factors to the yield strength have been estimated
based on empirical formulas, as exhibited in Figure 13.
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the yield strength in the IS-CuTi-L and the IS-CuTi-S specimens.

The detailed calculations are shown in Supplemental
Material S.8. In Figure 13, the contributions of grain
boundaries, oxides, dislocations, and solid solutions are
similar in the IS-CuTi-L and IS-CuTi-S specimens. The
dominant distinction of yield strength originated from
the contributions of cellular microstructures. Meanwhile,
the calculated values are well-matched with the exper-
imental values in the IS-CuTi-L and IS-CuTi-S specimens.

Although cellular microstructures were successfully
introduced into the PA-CuTi specimen, the pre-existing
solidification cracks in this sample resulted in brittleness,
as shown in Figure 14(a). In other words, the positive
influence of cellular microstructures on mechanical
properties was shielded by the negative impact of soli-
dification cracks on mechanical properties. In IS-CuTi-L

PA-CuTi

IS-CuTi-L
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and IS-CuTi-S specimens, solidification cracking was
eliminated due to the chemical fluctuations, thereby
highlighting the role of cellular microstructures in mech-
anical performance. As illustrated in Figures 4 and 5, cel-
lular walls in these specimens were enriched with Ti but
still retained the FCC structure. It has been reported that
cellular microstructures decelerate the dislocation slip-
ping, thus providing high strength and maintaining plas-
ticity [77-79]. Except for the outstanding contribution of
cellular microstructures to the yield strength, we found
that misorientations induced between the cellular wall
and the cellular interior enhanced the ability of cellular
microstructures to restrict the dislocation movement
during the plastic deformation, further beneficial to
the ultimate tensile strength of Cu-Ti alloys (Figure
14(b and c)). Furthermore, deformation twins were
observed in the deformed Cu-Ti alloys, which were ben-
eficial to both strength and ductility by facilitating dislo-
cation accumulation.

Compared to the IS-CuTi-L specimen, the IS-CuTi-S
specimen exhibited concurrently improved strength
and ductility. In the IS-CuTi-L specimen, intense chemical
fluctuations triggered intermetallics and regions without
cellular microstructures, as exhibited in Figure 14(b,).
Brittle intermetallics with relatively high Ti content led
to microcracks during deformation, which is detrimental
to the ductility of Cu-Ti alloys (Figure 14(b,)). Besides, rare
dislocations were discovered in the regions without cellu-
lar microstructures due to the lack of obstacles to dislo-
cation movement (Figure 14(b,)), which indicates that
these regions sacrifice strength. In contrast, a relatively
homogeneous distribution of cellular microstructures in

IS-CuTi-S
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Figure 14. Schematic illustrating the as-printed and deformed microstructures in PA-CuTi, IS-CuTi-L, and IS-CuTi-S specimens.
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the IS-CuTi-S specimen enabled a homogeneous distri-
bution of dislocations and twins (Figure 14(c,)), which
thereby resulted in both high strength and ductility.

4.3. Misorientation between the cellular wall and
the cellular interior

As demonstrated earlier, the misorientations between
the cellular wall and the cellular interior were enhanced
during deformation. The underlying mechanism respon-
sible for the formation of these misorientations is dis-
cussed in this section. Evidence from Figure 10 shows
that these activated misorientations are strongly linked
to crystalline rotation. Crystalline rotations are com-
monly observed in FCC metals during deformation
[58,80]. In deformed polycrystals, crystalline rotations
are activated to achieve stress equilibrium on either
side of the grain boundary [81] and are mediated by dis-
location slipping [82]. For instance, Kwon et al. [83]
found that in FCC-structured steels, the proportions of
(001) and (111) oriented grains increased after tensile
deformation, while the proportion of (110) oriented
grains decreased. Li et al. [80] investigated grain
rotations in Cu via an in-situ tensile test and observed
that grain orientation evolved significantly, even
during the early stages of tensile deformation. Further-
more, Lebensohn et al. [58] found that intragranular mis-
orientations exceeded 3° in deformed Cu, which was
attributed to competition between the (001) and (111)
orientations. In their study, this phenomenon was
limited to grains with near (111) orientations. In this
study, the fluctuations in crystalline orientations were
observed in most rotated grains, irrespective of their
initial orientation, as shown in Figure 8, where fluctu-
ations of crystalline orientations were evident even in
(111)-oriented grains aligned with the tensile axis.
Regarding cellular walls, the dissolution of additional
Ti atoms into the Cu matrix leads to increased lattice fric-
tion stress. For instance, Liu et al. [84] reported that alloy-
ing nickel with iron increased its lattice friction stress from
less than 8 MPa to around 50 MPa. Additionally, the high-
density dislocations interacting with the cellular walls
further contributed to lattice distortion, making the cellu-
lar walls less favourable for dislocation slipping. Li et al.
[85] observed that grain rotation in high-entropy alloys
with low lattice distortion was prominent due to
enhanced dislocation mobility, whereas grain rotation
was minimal in alloys with high lattice distortion. Conse-
quently, cellular walls with high Ti content are resistant to
crystalline rotation during deformation, while cellular
interiors with fewer Ti atoms allow for more significant
crystalline rotation. Thus, during deformation, cellular
walls maintained their original crystalline orientations

while cellular interiors rotated, leading to the formation
of misorientations between the cellular walls and the cel-
lular interiors. Based on this analysis, the cellular micro-
structures in Cu-3 wt% Ti alloys contributed to the strip-
like fluctuations in crystalline orientations.

5. Conclusions

The main conclusions of this study can be drawn as
follows:

(1) We have effectively eliminated solidification cracks
in Cu-Ti alloys by in-situ alloying via L-PBF. This
achievement is attributed to the introduction of
chemical fluctuations, which facilitated the trans-
formation of coarse columnar grains (average grain
size of 28.7 um) into fine, near-equiaxed grains
(average grain size of 16.7 um), thereby preventing
chemical segregation along the grain boundaries.

(2) The meticulous modification of chemical fluctu-
ations by optimising powder size during in-situ
alloying aids in the production of homogeneously
distributed cellular microstructures, which signifi-
cantly enhances the ultimate tensile strength from
306.3 to 534.7 MPa and increases the fracture
elongation from 1.8% to 18.4% in Cu-Ti alloys.

(3) The optimal combination of strength and ductility
was achieved in crack-free Cu-3 wt% Ti alloys with
homogeneously distributed cellular microstructures.
In these alloys, misorientations greater than 3°
induced between the cellular wall and the cellular
interior during deformation were advantageous in
restricting dislocation movement.

(4) The formation of misorientations between the cellu-
lar wall and the cellular interior is attributed to crys-
talline rotation during deformation.
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