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Additive manufacturing (AM), known as 3D printing, enables rapid fabrication
of geometrically complex copper (Cu) components for electrical conduction
and heat management applications. However, pure Cu or Cu alloys produced
by 3D printing often suffer from either low strength or low conductivity at
room and elevated temperatures. Here, we demonstrate a design strategy for
3D printing of high strength, high conductivity Cu by uniformly dispersing a
minor portion of lanthanum hexaboride (LaB¢) nanoparticles in pure Cu
through laser powder bed fusion (L-PBF). We show that trace additions of LaB¢
to pure Cu results in an improved L-PBF processability, an enhanced strength,
an improved thermal stability, all whilst maintaining a high conductivity. The
presented strategy could expand the applicability of 3D printed Cu compo-
nents to more demanding conditions where high strength, high conductivity
and thermal stability are required.

The ability to fabricate fully dense, highly conductive, and mechani-
cally robust copper (Cu) components is essential for electrical con-
duction and heat management applications. Additive manufacturing
(AM)"™, or 3D printing, offers unprecedented opportunities for pro-
ducing Cu components with complex geometry and tailored perfor-
mance which are inaccessible by conventional manufacturing
processes. However, pure Cu has a high reflectivity for infrared lasers
and hence pure Cu components fabricated by the most commonly
used laser AM machines often suffers from high porosity'>*, leading to
poor mechanical and conductivity properties. Although AM using
green lasers or electron beams enables the fabrication of pure Cu

components with relatively high density” ™, the intrinsically low
strength of pure Cu at room temperature and its inability to resist
thermal softening hinders the applications of additively manufactured
Cu components in demanding mechanical loading and high tem-
perature conditions.

Alloying Cu with elements such as Cr and Zr improves the laser
absorptivity and strengthens the metal>'®'”®, but this approach
degrades the conductivity due to their high solid solubility in Cu®. An
alternative approach is to add immiscible foreign particles to reinforce
the Cu while maintaining the high conductivity?*. In practice, it has
proven exceedingly difficult to achieve a sufficiently well dispersed
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and uniform distribution of externally added nanoparticles to obtain a
significant strengthening increment, without particle agglomeration
degrading the ductility and damage tolerance*”. The challenge of
simultaneously obtaining high strength and high conductivity in 3D
printed Cu parts limits its applications where a good balance of
mechanical and physical properties is required.

Here, we present a design strategy that enables laser AM of Cu
parts with high density and high performance through the addition of
minute amounts of lanthanum hexaboride (LaBy) nanoparticles. Our
LaBg-doped Cu exhibits a yield strength of 347 + 2 MPa (which is 3.7
times higher than pure Cu), together with an elongation to failure of
22.8+1.2%, electrical conductivity of 98.4% IACS (International
Annealed Copper Standard), thermal conductivity of 387 W m™ K™ and
the ability to resist softening at 1050 °C. Additionally, we further
demonstrate the applicability of our design strategy to geometrically
complex components.

Results

Design strategy

The key feature of our design strategy is that we select additives, of

which the constituent elements have negligible solubility in solid Cu

(and therefore have negligible detrimental effects on the con-

ductivity), but will dissolve in the melt pools during laser melting

(therefore not too high melting point) and subsequently re-precipitate

with a very fine dispersion during solidification (and hence provide

excellent strengthening). Criteria are as follows:

(1) the constituent elements of the particles should have negligible
solid solubility in Cu in order to minimize their detrimental
influence on the conductivity'”?**** and to maximize the re-
precipitation of nanoparticles;

(2) particles should have a relatively low melting point*, to maximize
the chance of dissolution in the melt pool and to minimise coar-
sening of the re-precipitated nanoparticles during solidifica-
tion; and

(3) particles should possess a low wetting angle with liquid Cu®,
minimizing nanoparticle clustering in the liquid Cu.

Microstructural characterization

Following this design strategy, we identified LaBg as a suitable additive
candidate. LaB4 met the criteria due to its lower melting point, minimal
solid solubility of constituent elements in Cu, and low wetting angle
with molten Cu (see Supplementary Note 1). The initial LaBg particles
that were added to the pure Cu powder feedstock exhibited an irre-
gular morphology and sizes up to 300 nm (Supplementary Fig. 1). The
laser reflectivity test clearly demonstrates that pure Cu powder exhi-
bits exceptionally high laser reflectivity within the infrared laser range
(Fig. 1b), specifically at a wavelength of 1060 nm, as used by the laser
powder bed fusion (L-PBF) system in our study. The reflectivity was
noticeably decreased upon the incorporation of 1.0 weight per cent
(wt%) LaB¢ nanoparticles. This reduction can be attributed to two
factors: the inherently low laser reflectivity of LaB¢ and the introduc-
tion of LaBg nanoparticles, which enhance the surface roughness of
pure Cu particles, facilitating multiple reflections within the pow-
der bed.

We then produced pure Cu parts using L-PBF and compared
them with parts produced from Cu with 1wt% LaB¢ nanoparticles
(hereafter denoted as 1.0LaB¢-Cu) (see Methods). Despite the rela-
tively high energy density being used for laser melting, the pure Cu
parts produced by L-PBF shows discontinuous scanning tracks with
a rough surface (Fig. 1a,), indicating a balling effect resulting from
the high reflectivity of infrared lasers>>?. This leads to lack-of-
fusion defects when successive layers are fused”. Micro-computed
tomography (Micro-CT) shows pores with a diameter range of 10-
130 pm (Supplementary Fig. 2a, b). In contrast, the 1.0LaB¢-Cu part
demonstrates well-defined scanning tracks and no obvious defects
(Fig. 1a3), which were attributed to the increased laser absorptivity
due to the LaBg addition (Fig. 1b). Micro-CT and electron back-
scatter diffraction (EBSD) confirm the much higher density (Sup-
plementary Fig. 2e, f) and relatively large grains of the 1.0LaB¢-Cu as
compared with pure Cu (Fig. 1as). With an improvement in laser
processability, highly dense 1.0LaB4-Cu parts can be fabricated
effectively over a broader laser power range, spanning 325W to
400 W (Supplementary Fig. 3).
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Fig. 1| Laser AM of Cu and LaBs-doped Cu. a A schematic diagram of laser AM
process (ay), and top surface morphology, cross-sectional EDS elemental mapping
and EBSD inverse pole figure map of the L-PBF fabricated pure Cu (a,) and 1.0LaBg-
Cu (a3). The pores are visible in pure Cu and high density can be achieved after
addition of LaBg. b Laser reflectivity of pure Cu, LaBg and 1.0 wt% LaBg

nanoparticles doped Cu powder feedstock at various laser wavelengths. After
introducing 1.0 wt% LaB nanoparticles, the powder mixture shows lower laser
reflectivity compared with pure Cu powder, indicating the increased laser
absorptivity. SD Scanning direction, BD Building direction. Source data are pro-
vided as a Source Data file.
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Fig. 2 | Characterization of LaBs nanoparticles. a SEM image showing the
homogeneous distribution of LaB4 nanoparticles within one Cu grain in the L-PBF
fabricated 1.0LaB4-Cu. b Bright-field TEM image of LaB4 nanoparticles across a high
angle grain boundary (HAGB). No particle agglomeration is found. ¢ High magni-
fication bright-field TEM image showing the morphology of the LaB¢ nanoparticles.
Note that the initial irregular shape of the nanoparticles in the powder feedstock
disappeared and rectangular-shaped LaB, nanoparticles are observed. d Fourier-

filtered high-resolution TEM image showing the interface between the LaB4 nano-
particle and Cu matrix. e SEM image of single-track sample. f, g Higher magnifi-
cation SEM images taken from the frame regions in (e, f) respectively. Large number
of rectangular-shaped nanoparticles are visible in the single-track sample which is
free from thermal cycling during L-PBF, demonstrating that these nanoparticles
formed in the Cu melt during solidification.

Scanning electron microscopy (SEM) - energy-dispersive X-ray
spectroscopy (EDS) mapping and X-ray diffraction (XRD) reveal that
only LaBg nanoparticles are identified in the as-fabricated 1.0LaBs-Cu
part (Fig. 1la;, Supplementary Fig. 4a, b). We examined the LaBg
nanoparticles using a focused ion beam (FIB) SEM at a 52° tilt, which
allows for exposure of nanoparticles on the Cu matrix surface. The
LaBg nanoparticles are uniformly distributed within the grains without
agglomeration (Fig. 2a). We further characterized the nanoparticles in
transmission electron microscopy (TEM), which confirms the uniform
dispersion of LaBg (Fig. 2b, see details in Supplementary Note 2). The
LaB, nanoparticles exhibit a rectangular shape with an average size
below 100nm, and an incoherent interface with the Cu matrix
(Fig. 2b-d).

Elemental analysis

We subsequently performed compositional analysis of the 1.0LaBs-Cu
using atom probe tomography (APT). Only La and B clusters were
identified. Although the atomic ratio of B to La of the clusters appears
less than 6:1 (Fig. 3) due to the formation of surface boron hydride*®
and the trajectory aberration® caused by the different evaporation
fields of the nanoparticles and Cu matrix, the APT data approximately
shows the formation of nanoparticles rather than dissolved La and B

solute in the Cu matrix (Fig. 3, Supplementary Fig. 5, See Supplemen-
tary Note 3). It indicates that any dissolution of La and B in the Cu
matrix is very limited, and this minimizes any detrimental effect of
solid solution solutes on the conductivity. This is further supported by
the XRD analysis, which shows that the lattice parameter of the Cu
matrix is the same as pure Cu, suggesting that negligible La or B are
dissolved in the solid Cu matrix (Supplementary Fig. 4c). In general, the
APT elemental analysis supports our hypothesis that La and B tend to
in situ form La-B nanoparticles as negligible La and B were detected
in the Cu matrix except for the La and B enrichment regions. The
XRD (Supplementary Fig. 4) and TEM (Fig. 2d) results confirm the
nanoparticles are LaBg. It can be concluded that the externally added
LaBg particles that were irregular in shape and larger in size have dis-
solved in the melt pools during heating and the observed LaBs nano-
particles are the product of re-precipitation during solidification, as
designed.

Evidence of re-precipitation during solidification

To prove that the re-precipitation of LaBg nanoparticles directly occurs
during solidification and to exclude the possibility of solid-state phase
transformation induced by thermal cycling, we performed additional
single-track experiment using the 1.0LaB,-Cu feedstock and the same

Nature Communications | (2024)15:1283
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Fig. 3 | Atom probe tomography (APT) characterization of 1.0LaB4-Cu. a 3D
reconstruction of Cu, La and B distribution in the L-PBF fabricated 1.0LaB-Cu.

b Enlarged view of the precipitate-1 (P1). ¢ The 1-D concentration profile along the
axis of the cylindrical volume-of-interest in (b). d is the enlarged view of P2 and (e) is
the 1-D concentration profile crossing P2. Both concentration profiles showing
depletion of Laand B in Cu matrix. La enrichment is spatially correlated with B. Note

Distance [nm]

that the La and B enriched zones do not correspond to the real shape and
dimension of the LaBy nanoparticles due to the significant different voltages
required for the evaporation of LaB4 and Cu during APT (see another dataset in
Supplementary Fig. 5). The error bars denote the standard deviation of the mean.
M: Matrix, P: Precipitate. Source data are provided as a Source Data file.

L-PBF processing parameters as the bulk sample. Despite the fact that
the size and density of LaB¢ nanoparticles in the single-track sample
differ from those in the bulk sample due to layer-layer and track-track
laser remelting that can potentially modify the size and density in the
bulk sample, large number of rectangular-shaped nanoparticles are
visible in the single-track sample (Fig. 2e-g). This confirms the re-
precipitation of LaBg nanoparticles during solidification in the L-PBF
process because there was no thermal cycling effect on the single-track
sample to facilitate the precipitation from the solid Cu. In addition, our
crystallographic examination does not reveal any reproducible orien-
tation relationship between the LaBg nanoparticles and the Cu matrix
(Fig. 2d, Supplementary Fig. 6), which indicates an incoherent inter-
face. If the LaBs nanoparticles precipitated from the solid Cu, they
would display either coherent or semi-coherent interfaces with the
matrix to lower the interfacial energy. As such, reproducible orienta-
tion relationships would be generally observed®>**. Therefore, the LaBg
nanoparticles precipitated directly from the Cu melt during solidifi-
cation rather than from solid-state phase transformations. To further
verify this key conclusion, we repeated the experiment using micron-
size LaBg particles as the additive. All the LaBs microparticles dis-
appeared and nanoparticles are observed (Supplementary Fig. 7a, b),
demonstrating that the observed LaBg nanoparticles are not the initial
additives, but the product of re-precipitation from the liquid Cu during
solidification after dissolving during laser melting. In addition, we also
examined the top surface of the L-PBF fabricated 1.0LaB4-Cu sample,
where there is no extensive thermal cycling, and as we observed in
other areas, we also found a large number of uniformly distributed
LaBg nanoparticles (Supplementary Fig. 8). This observation, coupled
with the results from the single-track experiment, suggests that the
proposed design strategy is suitable for the geometrically complex
components with fine structures due to the formation of uniformly
dispersed nanoparticles during solidification.

Mechanical and conductivity properties

To evaluate the effect of the LaBg nanoparticles on the mechanical and
conductivity properties, we performed tensile tests and electrical
conductivity measurements on both the L-PBF fabricated pure Cu and
1.0LaBg-Cu. Pure Cu delivers a yield strength of 73 +2 MPa, ultimate
tensile strength of 121 + 1 MPa and an elongation to failure of 10.8 + 1.1%
(Fig. 4a), with an electrical conductivity of 88.3% IACS (Fig. 4b). The
corresponding thermal conductivity is calculated to be 347 Wm™ K™
based on the Wiedemann-Franz law (Methods). The low strength and
conductivity of the pure Cu are due to the presence of the high density
of pores (Fig. 1a,, Supplementary Fig. 2a, b). The 1.0LaB-Cu exhibits a
yield strength of 347 + 2 MPa, ultimate tensile strength of 412 + 7 MPa
and elongation to failure of 22.8 +1.2% - with an electrical conductivity
of 98.4% IACS (Fig. 4a, b). The thermal conductivity is calculated to be
387 Wm™ K. While it is possible to create highly dense pure Cu parts
through AM using green laser, the strength of these parts remains
significantly lower than that achieved in our study™'. The significant
strength enhancement is mainly attributed to dispersion strengthen-
ing from the LaBg nanoparticles (Supplementary Note 4). The ductility
improvement is partially due to the improvement in strain hardening
resulting from the uniform dispersion of shear-resistant nanoparticles,
and to the reduced porosity and defects. The conductivity improve-
ment arises from the higher density of the as-fabricated part and the
minimal negative effects of the uniformly dispersed LaB¢ nano-
particles. Overall, high strength and high ductility combined with high
conductivity make the 1.0LaBs-Cu superior to the conventionally and
additively manufactured Cu, Cu alloys and Cu matrix
composites'>319212224253443 (Fig  4b, Supplementary Note 5). For
example, the 1.0LaBs-Cu shows a good balance of strength and duc-
tility, and much higher electrical conductivity compared with Cu alloys
produced by L-PBF, which typically require a post-AM annealing to
restore the electrical conductivity?'*?**3°4%_ Even if Glenn Research
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Fig. 4 | Tensile mechanical property and electrical conductivity. a Tensile

engineering stress-strain curves and the fracture surface morphology of the L-PBF
fabricated pure Cu (a;) and 1.0LaB¢-Cu (a,). The error bars represent the standard
deviation of the mean. b Comparison of the yield strength, elongation to failure and
electrical conductivity obtained in the present work with previously published data

of high-performance Cu, Cu alloys and Cu matrix composites fabricated by L-PBF,
L-PBF plus heat treatment and traditional processing'>'>!%-2>#2534-43 Note that the
columns and corresponding values represent the electrical conductivity (IACS,
International Annealed Copper Standard). Source data are provided as a Source
Data file.

Copper 42 (GRCop-42) alloy and GRCop-84 alloy, the niobium chro-
mide (Cr,NDb) precipitation hardened alloys, have shown suitability for
AM, their conductivity of 85% IACS and 75% IACS is still lower than the
1.0LaBg4-Cu due to the solid solution of Cr and Nb in the Cu matrix*. In
addition to the higher conductivity, the 1.0LaB4-Cu also exhibits higher
strength compared to GRCop-42 and GRCop-84 alloys, with the latter
alloys demonstrating a yield strength within the range of 172 to
208 MPa*. Furthermore, although 1.0LaBs-Cu shows comparable
electrical conductivity to Cu matrix composites produced by con-
ventional processes?-?, its unique combination of mechanical prop-
erties, coupled with the greater design freedom afforded by AM, is
attractive for practical applications where mechanically robust, elec-
trically/thermally conductive as well as geometrically complex Cu
components are in demand. It has been observed that graphene-
reinforced Cu matrix composites show slightly higher electrical con-
ductivity and ductility*>. However, the L-PBF produced 1.0LaB¢-Cu can
achieve higher strength and geometric complexity, at lower cost owing
to the small addition level and much lower cost of LaB. In addition, the
L-PBF fabricated 1.0LaB4-Cu using LaBs microparticles as additive to
the feedstock also shows comparable mechanical response (Fig. 4a).

In addition to the room-temperature mechanical properties, the
1.0LaB¢-Cu also shows improved thermal stability at elevated tem-
peratures. Cu and its alloys are often used in elevated temperature
environments (heating due to electrical currents, or heat management
applications)**. After exposure to elevated temperatures, they may
suffer from substantial strength loss, which can eventually lead to
service failures. Unlike Cu alloys and other oxide dispersion-
strengthened Cu which show relatively low softening temperatures
(typically below 600°C) due to coarsening of the strengthening
particles***¢, the 1.0LaB4-Cu part shows exceptional resistance to
softening up to 1050 °C (Supplementary Fig. 9). Even after annealing at
1050 °C, 80% of the ultimate tensile strength is retained together with
an elongation to failure of 28% (Supplementary Note 6).

As an example of a geometrically complex Cu component fabri-
cated by 3D printing, we show the ability of the LaB4-doped Cu to bear
compression loading in sheet-based gyroid lattice structures fabri-
cated with L-PBF using both pure Cu and LaBs-doped Cu powder
feedstock (Methods). The pure Cu gyroid structure shows an inferior
mechanical response to loading and undergoes dramatic post-yield
softening at a strain range of 15-20% (Fig. 5a), due to the formation of
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Fig. 5 | Compressive mechanical property of geometrically complex compo-
nents. a Compressive engineering stress-strain curves of the L-PBF fabricated
sheet-based gyroid lattices made of pure Cu and 1.0 wt% LaB4 nanoparticles doped
Cu powder feedstocks. b Comparison of the compressive yield strength against
relative lattice density between the present results and previously published data of

lattices made of Cu, Cu alloys and Cu based composites*” .. ¢ Video camera frames

during compression of pure Cu lattice. d Video camera frames during compression
of 1.0LaB,-Cu lattice. The pure Cu lattice showed development of localized shear
bands (identified by the arrows), which were not evident in 1.0LaB-Cu lattice.
Source data are provided as a Source Data file.

localized shear bands (Fig. 5¢). In contrast, the addition of LaB4 to Cu
not only enhances the yield strength, but also resists shear band
localization (Fig. 5d), albeit a slight softening behavior occurs at high
strains (between 25% and 30%) (Fig. 5a). Figure 5b summarizes the
compressive yield strength of porous Cu parts versus relative lattice
density*’~", The lattice made of LaBs-doped Cu has a yield strength of
23 MPa at arelative lattice density of 0.3, which is 3.5 times higher than
the strength of the same lattice made of pure Cu of the same relative
lattice density. This yield strength is comparable to other porous pure
Cu lattices that have a much higher relative lattice density (0.439 and
0.485)*. This property is attractive for applications where the total
mass or volume of lattice structures is the critical design criterion.
Overall, by combining the effect of LaB, in Cu with the design freedom
afforded by AM, we achieve high strength and high conductivity, and
can create geometrically complex components with the increased
ability to resist compressive loading.

In summary, we have demonstrated a pathway for the reliable
fabrication of highly dense Cu parts with high strength and high con-
ductivity through minor addition of LaBg particles into the pure Cu
feedstock for 3D printing. The key to the approach is to introduce
appropriate particles to pure Cu, which can dissolve in the melt pool
and re-precipitate uniformly during solidification (Supplementary
Note 7). This newly developed 1.0LaB-Cu by L-PBF fills a major gap in
3D printing of metal alloys and can be used in applications where
demanding mechanical and electrically/thermally conductive proper-
ties are required. Since uniformly dispersed nanoparticles are often
used to strengthen metallic materials, this design strategy and the

associated dissolution and reprecipitation during solidification could
be extended to other alloy systems for the development of use-as-
printed high-strength materials for AM.

Methods

Laser powder bed fusion

Gas atomized oxygen-free Cu powder with a purity of at least 99.95 wt
%, globally spherical in shape and particle size ranging from 15 um to
53 um was used as the feedstock. The Cu powder exhibits D10, D50,
and D90 values of 15 um, 36 um, and 54 um, respectively. High purity
(99.9%) LaBg nanoparticles with an average size of 100 nm (the max-
imum size was up to 300 nm) was used as the additive (Supplementary
Fig. 1a, b). The LaB¢ powder demonstrates D10, D50, and D90 mea-
surements of 54 nm, 85 nm, and 145 nm, respectively. In this work, LaB¢
nanoparticles were first ultrasonically vibrated for 0.5 h using Retsch®
UR 1 to dissociate agglomerates. Subsequently, LaBs nanoparticles
were mechanically mixed with pure Cu powder in a Turbula mixer for
0.5 h to ensure a homogeneous distribution®>*, The addition level was
optimized based on part density and tensile testing results. After
building samples with 0.5-2.0 wt% additions, we found that 1.0 wt%
addition was the lowest addition to ensure the density over 99.5%
measured using micro-computed tomography (micro-CT) analysis
(Supplementary Fig. 2). This was further confirmed through Archi-
medes’ method. In addition, this addition level also corresponds to the
optimal strength and ductility compared to the lower addition of
0.5wt% and higher addition of 2.0 wt% (Supplementary Fig. 7c). In
contrast to 1.0LaBe-Cu, high density cannot be achieved in 0.5LaB4-Cu
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and the nanoparticle agglomeration was observed in the 2.0LaB4-Cu
due to the excessive addition (Supplementary Fig. 7d), leading to a
reduction in the strength and ductility. After the feedstock prepara-
tion, the powder mixture was characterized in a SEM (Hitachi SU3500)
equipped with EDS. LaB¢ nanoparticles electrostatically adhere to
almost all Cu particles with uniform distribution (Supplementary
Fig. 1). As a comparison to the experiment, high purity (99.9%) TiB,
nanoparticles with an average size of 100 nm were also mixed with
pure Cu powder (Supplementary Fig. 13a). Furthermore, micrometre-
scaled LaBg powder with particle size ranging from 1 um to 10 um was
also employed as the additive and mixed with pure Cu powder to show
the microstructure and property response (Supplementary Fig. 7a).
The laser reflectivity of the as-received powder and powder mixtures
was measured using a double-beam UV-Visible-NIR Lambda 1050 Per-
kinElmer spectrophotometer equipped with a 150 mm integrating
sphere in the 400-2000 nm wavelength range. Pure Cu powder and
the powder mixtures were subsequently subjected to laser powder bed
fusion (L-PBF) AM in an SLM125HL system and the processing para-
meters are listed in Supplementary Table 1. The L-PBF fabricated dog-
bone-shaped blocks with gauge length of 10 mm, gauge width of
2.5mm, and thickness of 40 mm were used for tensile testing>*. The
chemical compositions of the L-PBF fabricated samples were mea-
sured using inductively coupled plasma atomic emission spectroscopy
(ICP-AES) for metallic elements and using LECO combustion analysis
for non-metallic elements, as listed in Supplementary Table 2. More-
over, in order to analyse the microstructure of directly solidified metal,
single-track samples were prepared with the same L-PBF processing
parameters as the bulk sample on a pure Cu substrate (Fig. 2e). In
addition, the sheet-based gyroid lattice with porosity of 70% and
overall dimension of 30mm (length)x30 mm (width) x30 mm
(height) was designed to contain 5 x 5 x5 arrays of unit cells and fab-
ricated by L-PBF using both pure Cu and LaBg nanoparticles doped Cu
powder feedstocks for compression tests (Fig. 5a).

Heat treatment

In order to show the thermal stability of the L-PBF fabricated 1.0LaBg¢-
Cu, annealing treatments were performed at various temperatures
ranging from 550 °C to 1050 °C for 1 h in a vacuum furnace, followed by
furnace cooling at a cooling rate of 5 °C min™ to ambient temperature.
Hardness of heat-treated samples was measured in a LECO Vickers
hardness tester at a load of 3 kg and a dwell time of 12's. Six random
positions were tested to obtain the average value for each sample.

Microstructure characterization

All metallographic samples were firstly ground using SiC papers fol-
lowed by polishing with Struers OP-S suspension and finally etching
with 50 ml HCI, 20 ml Fe;Cl, and 30 ml C;HsOH for 3s. The micro-
structure was examined in a Hitachi SU3500A SEM. Grain size, grain
morphology and crystallographic orientation were characterized
through electron backscatter diffraction (EBSD) analysis at a scan step
size of 1.2 um in a JEOL JSM-7800F field emission SEM and the corre-
sponding geometrically necessary dislocation (GND) density was cal-
culated. The detailed description of the method used for GND density
calculation can be found in ref. 55. Prior to EBSD, surfaces of samples
were electropolished in a Struers electrolyte D2. In addition, typical
element distributions in the samples were analysed using EDS in the
SEM operated at an accelerating voltage of 20 kV. To examine the
nanoparticle distribution, the electropolished samples were etched
with gallium ions using a focused ion beam (FIB), and SEM images were
acquired at a 52° tilt to expose the nanoparticles in a FEI Scios FIB-SEM.
Phase analysis of the L-PBF fabricated samples was accomplished using
XRD in a Briicker D8 Advance system at a scan rate of 1° min™ and step
size of 0.02° with the diffraction angle 20 ranging from 20° to 100°. FIB
was used to prepare the TEM thin foils. A Hitachi HF5000 TEM,
equipped with a probe aberration corrector and symmetrically

opposed dual EDS detectors and operated at an acceleration voltage of
200 kV, was used for in-depth characterization of the L-PBF fabricated
1.0LaBg-Cu. The diondo d2 micro-CT system was used to analyse the
micropores in the L-PBF fabricated samples. 2D slice image data were
acquired through an X-ray source with the voltage of 120 kV and cur-
rent of 100 uA. The exposure time was 2000 ms with a spatial solu-
tion of 4 pm.

Atom probe tomography

The nanoscale elemental distribution in the L-PBF fabricated 1.0LaB4-Cu
was analysed using APT in a local electrode atom probe CAMECA LEAP
4000X SI, which has a detection rate of 57%. APT matchstick specimens
with dimension of 1.0 mm x 1.0 mm x 10 mm were first cut from the as-
built sample, and then electropolished using alternating current under
voltages of 5V, 3V and 1V. The electrolyte was 70% orthophosphoric
acid in water, as suggested by ref. 31. The electropolished APT samples
were then annular polished using a Thermo Fisher G4 Plasma FIB-SEM. A
Xe" beam with a voltage of 5kV and a current of 30 pA were used to
finalize the APT sample preparation. The laser APT experiment was
conducted under a high vacuum of 2 x10™ torr, at a temperature of
50K, a laser pulse frequency of 200 kHz, and a laser pulse energy of
70 p). The APT data was reconstructed using a CAMECA integrated
visualization and analysis software (AP Suite version 6.1.0.29).

Mechanical property testing

The tensile specimens with gauge dimension of 10 mm (length) x 2.5
mm (width) x2mm (thickness) were cut from the as-built blocks™.
Tensile testing was performed perpendicular to the building direction
on an Instron 5584 universal testing machine equipped with an
advanced Instron video extensometer at a constant strain rate of
0.001s™. Four tensile samples were tested for each L-PBF fabricated
part with the same addition and heat treatment conditions, and the
average value was used as the testing result. After tensile testing, the
fracture surface was examined in an SEM. Uniaxial compression tests
of the sheet-based gyroid lattices were conducted along the building
direction on the same Instron machine. During compression, the
samples were centrally located between two pressure plates at a strain
rate of 0.001s™? in accordance with standard 1SO13314-2011. The
compression process was recorded using a video camera at a rate of 50
frames per second. Frames extracted from these videos were then
correlated with features in the associated stress-strain data, providing
detailed information regarding the failure modes of both pure Cu and
LaBg-doped Cu. All lattices were compressed until densification.

Electrical conductivity testing

The resistance of pure Cu and 1.0LaB4-Cu was measured on three
samples with dimension of 15mm (length) x2 mm (width) x5 mm
(height) using a four-point probe method on a ZEM-3 electric resis-
tance measurement system at room temperature. Because the length
according to ASTM standard (300 mm) is far beyond the currently
available L-PBF machine’s capacity to build, the non-standard length
was used*®. The volume resistivity can be calculated as follows:

p,=A/br @

where p,, is the volume resistivity (Q mm?m™), A is the cross-sectional
area (mm?), [ is the gage length (6 mm), and r is the measured
resistance (Q). The volume resistivity was determined to be
0.019527Omm*m™ for the L-PBF fabricated pure Cu, and
0.017528 QO mm? m™ for 1.0LaB-Cu. The electrical conductivity o can
be expressed as follows:

1 1
0=p— /F (2)
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Accordingly, the electrical conductivity was calculated to be
5.121 x10”S m for the pure Cu, and 5.705 x 10’S m™ for 1.0LaB¢-Cu. In
addition, based on ASTM B193, 100% IACS (International Annealed
Copper Standard) is defined as the electrical conductivity corre-
sponding to a volume resistivity at 293K of 0.017241Q mm?m™.
Therefore, it is 88.3% IACS for the L-PBF fabricated pure Cu, and 98.4%
IACS for 1.0LaB4-Cu.

Thermal conductivity calculation
The thermal conductivity of the L-PBF fabricated pure Cu and 1.0LaBg-
Cu can be calculated through their electrical conductivity based on the
Wiedemann-Franz law®’.

k/o=KL 3)
where « is the thermal conductivity (W m™K™), ¢ is the electrical con-
ductivity (Sm™), K is the absolute temperature (K), and L is a Lorenz
constant (W QK™). For the annealed pure Cu with the electrical con-
ductivity of 5. 916 x10’S m™ and thermal conductivity of 401 W m™K™,
Lorenz constant can be calculated to be 2.31 x10W QK™ Therefore,
the thermal conductivity of the L-PBF fabricated pure Cu and 1.0LaB4-Cu
can be estimated to be 347 Wm™ K™ and 387 W m™ K™, respectively.

Data availability
The experimental data generated in this study have been deposited in
Dryad®. Source data are provided with this paper.
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