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Abstract

With excellent thermal and electrical conductivity, pure copper has been widely used

in many industries. The development of additive manufacturing (AM) enables the

prototyping of copper components rapidly and cost-effectively. Especially, Laser

powder bed fusion (LPBF), one of the AM techniques, now can fabricate pure copper

components with complex geometries. However, the high reflection of laser energy in

pure copper at the wavelength used in most commercial fiber laser AM machines

posts a challenge in industry practice. To circumvent this problem, higher laser power,

different laser wavelength or different energy source (such as electron) have to be

adopted, which alleviates the problem of low laser energy absorptivity, but leads to

the undesirable tradeoff between the mechanical properties and thermal/electrical

performance. In the current study, the high-precision LPBF (HP-LPBF) combining

fine beam and small layer thickness managed to achieve the enhanced strength and

ductility, while keeping the thermal and electrical conductivity close to the annealed

one without heat treatment. Utilizing small layer thickness with scan strategy of 67°

rotation angle, the columnar grain growth was inhibited, which weaken the anisotropy

of material properties. As a result, pure copper by HP-LPBF outperform those by

conventional PBF in mechanical, thermal, and electrical properties with reduce

anisotropy.
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1. Introduction

With the fast-paced development in the electronics and electric vehicle industries,

pure copper is in great demand due to its high thermal conductivity and electrical

conductivity (TC and EC, respectively) [1]. Additive manufacturing (AM), or

three-dimensional (3D) printing, has become a breakthrough technology for

fabricating complex Cu components, especially for applications that require high TC

and EC, such as electromagnetic coils [2, 3], heat exchangers [4, 5], and heat sinks [6,

7]. As the demand for multi-functional AMed components is increasing [8], it is

critical to develop an AM method to achieve multi-functional Cu components with

good thermal/electrical and mechanical properties.

However, the mechanical properties of pure Cu are usually unsatisfactory for

load-bearing applications. Therefore, pure Cu is often replaced by Cu alloys with

better mechanical performance to meet the strength requirement, but such alloys

usually have lower TC and EC. Thus, in the 3D printing of pure Cu components, it is

important to achieve high strength and high ductility, while maintain high TC and EC

at the same time.

Powder bed fusion (PBF) technology is an AM technique that enables printing

complex and multiscale structures [9]. In particular, the electron beam PBF (EB-PBF)

process generates high relative density (RD) in pure Cu components without the issue

of low absorption of beam energy [10]. However, EB-PBF often results in high

surface roughness and has a limited printing resolution (typically >500 μm) [11-13].

In addition, the relatively low cooling rate and in-situ annealing in the EB-PBF
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process often generate large columnar grains, resulting in low yield stress (YS, ~70

MPa) [14].

In contrast, LPBF has inherent advantages over EB-PBF for printing components

with intricate features (high resolution) and complicated structures [15], as the former

uses finer powders (<53 μm) and smaller beam size than the latter. The conventional

LPBF (cLPBF) process typically uses a beam size of 50–200 μm, a layer thickness of

20–50 μm, and a powder size of 15–53 μm [16-19]. However, it is difficult to use this

configuration to fabricate pure Cu components with good comprehensive (mechanical,

thermal, electrical) performance, due to the high TC and infrared laser reflectivity of

pure Cu [20]. Moreover, cLPBF-fabricated components usually contain lack-of-fusion

defects with a low RD under 99%[3, 17, 21], resulting in low TC and EC of the

components.

Increasing the energy input can achieve high density and reasonable EC and TC,

but this high energy density also induces larger molten pools (~400 μm) [19], which

negatively affect printing resolution [22]. Recently, short-wavelength LPBF (swLPBF)

has been developed for printing pure Cu [23, 24], as the high absorption of

short-wavelength laser energy by pure Cu can lead to pore-free microstructure, and

their TCs / ECs are among the highest reported. However, swLPBF has a low printing

resolution (~500 μm), and its need for expensive laser optics further limits its wide

adoption [16, 25].

In the current study, a high-precision LPBF (HP-LPBF) system [7, 26, 27] was
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employed to fabricate pure Cu samples. The system uses a 25 μm laser beam, a layer

thickness of 10 μm, and a powder size of 5–30 μm. Crucially, in HP-LPBF, a decrease

in the beam size increases the concentration of the laser energy, which decreases the

laser power required to maintain a given level of volume energy density [19]; a

decrease in the layer thickness increases the efficiency of the remelting process

between the layers; and a decrease in the size of the powders increases their

absorption of laser energy [28]. By combining these three features, HP-LPBF enables

the fabrication of pure Cu samples with high resolution, low roughness, and high

density simultaneously [26]. Moreover, HP-LPBF tends to yield finer grains than

cLPBF [27], and fine-grain microstructure is beneficial for Cu samples, as pulsed

electrodeposited pure Cu samples have demonstrated both high strength and high

conductivity due to fine grain strengthening [29]. Therefore, HP-LPBF should be

employed to create as-printed fine-grained microstructure for pure Cu samples to

achieve high comprehensive performance.

LPBFed components often exhibit grain orientation-dependent properties, and

the grain orientation of a component is closely related its building direction (BD). In

the consecutive layer-by-layer LPBF fabrication process, the thermal gradient

direction is approximately aligned with the BD, which inevitably results in a textured

microstructure and hence anisotropic material properties. This phenomenon

complicates the AM design process, as material anisotropy must be considered at the

design stage. Many studies have examined the anisotropic microstructures and

properties of LPBFed metallic components [27, 30, 31]. Thomas et al. [14] studied the
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anisotropy of EB-PBFed pure Cu components, and found that their electrical

properties, YS, and ductility were almost isotropic, whereas their work-hardening

behaviour was dependent on their texture and thus their BD, as the in-situ annealing

in the EB-PBF process led to significant grain growth. Based on studies of other

metallic materials [27, 30, 31], the anisotropy of pure Cu components can be

attributed to their long columnar grains arising from epitaxial growth. Moreover,

although components containing large grains that have few grain boundaries (GBs)

may have lower anisotropy than components with small grains that have many GBs,

the former are weaker in strength than the latter. Therefore, pure Cu components must

be fabricated by a process that involves in-situ grain refinement and inhibits the

formation of long and thin columnar grains.

In this work, as-printed pure Cu samples with good comprehensive performance

(YS > 200 MPa, elongation of ~40%, TC ~383 W/m·K, EC of ~96% of the

International Annealed Cu Standard (IACS)) were fabricated by HP-LPBF. A rotating

scan strategy with angle 67° enabled the printed samples to have fine grains and

twisted GBs, and thus low anisotropy. These ensured that HP-LPBF-fabricated pure

Cu components have better mechanical, thermal, and electrical performance than their

conventional PBFed counterparts. Such HP-LPBF approach can be readily extended

to additive manufacturing of other reflective metals for many novel and promising

applications.
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2. Material and methods

2.1 Material and process

Detailed configurations of the HP-LPBF machine (Han’s Laser M100μ) were given in

the previous work [26]. The substrate material is stainless steel 316L. The beam size

was 25 μm, and the layer thickness was 10 μm. The difference of process

configuration in this work is that the substrate was preheated to 100℃, which

improved the wettability of the molten pool and the energy absorption of the powders

[32]. In addition, the higher temperature of substrate could reduce the requirement

of laser energy and the residual stresses avoiding the formation of microcracks [33].

The process parameters were optimised by evaluating the density and material

properties as in previous work [26], and the values were as follows: laser power = 220

W, scan speed = 600 mm/s, and hatch distance = 0.05 mm. Pure copper powders are

provided by Jiu Chun New Material Technology (Suzhou) Co., Ltd. The powders

ranged in size from 5 to 30 μm, as observed by scanning electron microscopy (SEM)

(Fig. 1a); the size distribution is illustrated in Fig. 1b, and their D50 was 14.00 μm. Fig.

2a shows the as-printed samples with different testing orientations (0°, 45°, and 90°).

Fig. 2b presents the testing sample layout and indicates the scan direction (SD) and

the BD; the sample size details are shown in Fig. 2c. Bars of dimension 2 × 2 × 30

mm3 were used in the EC test, and disk-shaped cylinders of diameter 12.7 mm and

thickness 2.5 mm were used for the TC test. Cubes of dimension 10 × 10 × 10 mm3

were used to characterise the as-printed morphology by optical microscopy (OM) and

electron backscatter diffraction (EBSD). Dog-bone samples of gauge dimension 15 ×
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4 × 1.5 mm3 were machined by wire-electrode cutting. Fig. 3 illustrates the

relationship between layers at rotating angles of 0° and 67°; each layer was covered

by the laser tracks in a zig-zag pattern, where 0° was parallel to the SD. The sample

parameters for the scan strategy and BD are listed in Table. 2, and were used to

examine the influence of grain morphology on the samples’ mechanical performance.

The sample process parameters – an as-printed group (AP), a high-power group (HP),

and a high-speed group (HS) – and their different linear energy densities 𝐸𝑙 were

listed in Table. 2 which were used to examine the influence of grain size on the

samples’ mechanical performance. 𝐸𝑙 is calculated as 𝑃/𝑉, where 𝑃 is laser power

and 𝑉 is scan speed.

Fig. 1 Characterization of pure copper powders. (a) SEM morphology of pure copper
powders. (b) particle size distribution
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Fig. 2 Definition in sample fabrication and measurement. (a) as-printed bulk samples
with 0°/45°/90° orientation, (b) Testing samples layout on the building platform, (c)
Dimension specification of samples for various tests.

Fig. 3 Two types of scan strategy. (a) 67° rotation angle - A67, (b) 0° rotation angle -
A0

Table. 1 Chemical composition of as-received Pure Cu powder

Element Cu Fe Zn Pb Al P Sn Cd O

wt. % Bal. 0.0125 0.015 0.0048 0.015 0.021 0.030 0.016 0.09



9

Table. 2 The sample fabrication remarks

Sample remarks Power(W)
Scan
speed
(mm/s)

𝐸𝑙 (J/m)
Scan

rotation
angle

Testing/
tensile
direction

A0-0° 220 600 367 0° 0°

A0-45° 220 600 367 0° 45°

A0-90° 220 600 367 0° 90°

A67-0° 220 600 367 67° 0°

A67-45° 220 600 367 67° 45°

A67-90° 220 600 367 67° 90°

AP-A67 (as-printed) 220 600 367 67° 0°

HP-A67 (high-power) 260 600 433 67° 0°

HS-A67 (high-speed) 220 800 275 67° 0°

2.2 Characterisation

The morphologies of the original powders and the fracture surface of the tensile bars

were studied by SEM (JCM-6000Plus). The OM morphology study was conducted on

an RH-2000 high-resolution 3D microscope (Hirox). Before observation, the samples

were ground, polished, and etched with an etching solution (5 g FeCl3, 85 mL ethanol,

and 15 mL HCl). The grain structure and texture studies were conducted on an EBSD

system (EDAX Velocity Plus), using a step size of 0.5 μm and a scan area of 200 ×

200 μm2. MTEX 5.7.0, an open-source Matlab toolbox, was used to analyse the

EBSD data [34]. Grain boundaries (GB) are defined according to their misorientation

angle. The low-angle GBs (LAGBs) are with misorientation angles of 2°–15° and the
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high-angle GBs (HAGBs) are with misorientation angles exceeding 15°. The grain

size is determined by the HAGBs. The dislocation density was measured by using

Williamson-Hall method [35]. X-ray diffraction (XRD) patterns were used to

calculate the internal strain of samples. XRD measurements were conducted by a high

resolution Rigaku SmartLab X-ray diffractometer with the 2θ angle range from 20 ° to

100 °. The step size was 0.02° and scan speed is 0.1°/min. The instrumental

broadening was corrected using a strain-free Si powder as the reference. The

microhardness of the samples was tested using a hardness tester (Decca HV-1000) at a

load of 200 g for 10 s. The tensile bars (before being subjected to the tensile tests at a

constant speed of 0.9 mm/min) were used to obtain the hardness at 0°, 45°, and 90°

orientations. The test surfaces are shown in Fig. 2c; for example, the microhardness of

the 90° samples was defined as the hardness at the side surface of the tensile bars

oriented at 90°. Testing was conducted at ten testing points on each surface, and the

average hardness was recorded. The tests under each condition were repeated on three

tensile bars. The EC was measured using a micro-ohmmeter that had an accuracy of

0.05% and a sensitivity of 1 μΩ. The TC was measured using a light flash apparatus

(LFA467, NETZSCH) at 25℃. These electrical and thermal tests conformed to their

respective standards. For testing details, please refer to the previous work [26]. The

EC and TC tests were conducted on three samples to ensure repeatability. Before the

mechanical and EC and TC tests, the samples were ground and polished to eliminate

errors caused by rough surfaces.
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3. Results

3.1 Microstructure of HP-LPBFed pure Cu samples

Pure Cu samples were fabricated using the process window optimised in the

previous work [26]. These samples (tensile bars, EC testing bars, and TC testing

samples of various grain orientations) which were also used for evaluating anisotropy

are defined in Fig. 2a. All of the samples had an RD higher than 99.5%. To reveal the

influence of grain morphology on samples’ EC, TC, mechanical properties, and

anisotropy, two scan rotating angles (0° and 67°) were applied to print samples with

different microstructures; these samples are hereinafter referred to as samples A0 and

A67 (Table. 2).

Fig. 4 characterises the microstructure of the samples..The side cross-section of

the A67 sample, characterised by OM, is presented in Fig. 4d, which contains grains

with various orientations (arrows). Furthermore, it could be seen that numerous long

fine grains had grown from the bottom of the molten pool and penetrated several

upper layers (dashed lines). In the grain orientation map (Fig. 4e), some of the

irregular grains were arranged in a chevron pattern (the red lines in Fig. 4f), whose

asymmetry was due to the laser scan sequence [36] whereas the other grains were a

mixture of fine-equiaxed and elongated grains. Chevron pattern in the overlapping

zones between the melt pools has been reported in LPBFed components including

stainless steel 316L, AlSi10Mg [27, 36, 37]. It is attributed to the continuous

competition between epitaxial growth and thermal gradient.

Fig. 4g presents the horizontal-section morphology of the as-printed samples,
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wherein mirrored ‘S’-shaped grains were seen in neighbouring laser tracks. The

dashed curves in Fig. 4h illustrate the obvious grain orientation arrangement on the

top surface. Most of the grains were restricted to within the scan tracks. The formation

of S-shaped grains has been reported by many other studies [38], and occurs via the

remelting of neighbouring laser tracks with various scan orientations. This type of

remelting was also responsible for the formation of the chevron-patterned grains on

the side surface [36]. Therefore, the S-shaped grains on the top surface and the

chevron-patterned grains on the side surface represented different cross-sections of

the same grains, as indicated by the shaded patterns in Fig. 4f and i.

When the scan rotation angle was 0°, symmetrical columnar grains were more

frequently generated from the bottom of the molten pool than at 67° scan rotation

angles (Fig. 4j). The grains were arranged along the BD as the thermal gradient was

equal across different layers. Fig. 4k shows that the grains grew continuously across

the layers, whereas clear boundaries were evident along the BD. The shaded area in

Fig. 4l indicates the A0 sample and its typical grains: columnar grains with a high

aspect ratio.

Fig. 4m shows the representative inverse pole figure (IPF) of the side surface of

the A0 sample, which suggests that it had a texture of <110>//BD with an intensity of

4.5. The side surface of the A67 sample also has the same texture in the BD, with a

minimum intensity of 2 (Table. 3). Fig. 4n shows the distribution of large grains

extracted from raw EBSD data. The average grain sizes in the side cross-sections of

the A67 and A0 samples were 7.52 and 7.42 μm, respectively, which were larger than
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those in the top cross-sections of A67 samples (5.40 μm). The A67 samples had finer

grains on their top cross-sections than on their side cross-sections, indicating that the

general grain morphology of A67 was quasi-columnar.

Fig. 4f, i, l illustrates the distribution of the LAGBs and the HAGBs; these data

were obtained from the raw EBSD data of the scan area. Fig. 4o shows that the A67

and A0 samples exhibited a similar length density and LAGB/HAGB fraction,

indicating that these two types of samples primarily differ in their grain shape.

Table. 3 The statistical EBSD results of pure copper samples

Items A67-side A67-top A0-side

Intensity//BD 2 2.4 4.5

Length density (LAGB/HAGB, μm-1) 1.57/0.58 1.69/0.99 1.55/0.43

Fraction (LAGB/HAGB, %) 73.0/27.0 63.1/36.9 78.3/21.7
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Fig. 4 Microstructure characterisation of HP-LPBFed pure Cu samples. (a–c)
morphologies of as-printed samples at different magnifications, (d–f) side surface of
the A67 sample, (g–i) top surface of the A67 sample, (j–l) side surface of the A0
sample. (d, g, j) OM images, (e, h, k) EBSD grain orientation maps and (f, i, l) GB
distribution maps. (m) representative IPF map, (n) grain size distribution of as-printed
pure Cu samples, (o) GB length density and HAGB/LAGB fraction of as-printed pure
Cu samples.
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To comprehensively characterise the microstructure of the A0 and A67 samples,

we extracted grain morphology data from these samples’ three crystal structure maps

(Fig. 5). The linear density of GBs was determined by the line intercept method [39],

which identifies the difference in the GB distribution in the 0°, 45° and 90° grain

orientations. The grain-size aspect ratios are summarised in Fig. 5b. The grain-size

aspect ratio of the A0 sample was greater than 2.0, while that of the A67 sample was

1.2. Figs. 5c and d indicate that the A67 and A0 samples had ‘chevron’ and ‘cylinder’

grain morphologies, respectively.

In the A67 sample, there are more inclined GBs in the 45° orientation than in

other orientations. In addition, the main thermal gradient in the BD induced the

formation of quasi-columnar grains (aspect ratio ~1.2), and thus a higher GB density

in the 0° grain orientation than in the 90° grain orientation (Fig. 5a). However, in the

A0 sample, the scan tracks of adjacent layers overlapped, and thus there was a stable

thermal gradient in the BD. Thus, the grains in the newest layer were able to easily

nucleate on grains in the preceding layer, and these new grains inherited the

orientation of those in the preceding layer; this resulted in the epitaxial growth of long

columnar grains (Fig. 4k). Consequently, the GB density of grains in the A0 sample

decreased from the 0° to the 90° orientation (Fig. 5a).
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Fig. 5 Grain morphology characterisation of the A67 and A0. (a) Linear GB density;
(b) grain size and aspect ratio; (c- d) representative grain morphology of (c) A67 and
(d) A0 samples.

3.2 Properties of HP-LPBFed pure Cu samples

As shown in Fig. 6, HP-LPBFed pure Cu samples exhibited anisotropy in their

mechanical properties, as evident in the stress–strain curves of as-printed pure Cu

tensile bars A0 and A67 (Table. 4). The YS of all tested samples was over three times

higher than that of annealed pure Cu samples (67 MPa) [14]. The A67-90° sample had

an elongation at failure of 33.5%, which was higher than those of the A67-0° and

A67-45° samples. In contrast, the A67-0° and A67-45° samples had a higher true YS

(~229 MPa) and ultimate tensile strength (UTS, ~378 MPa) than those of the A67-90°
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sample. The strength and ductility of the A0 samples were both lower than those of

A67 samples.

To clarify the deformation behaviour, Fig. 6d plots the evolution of normalised

strain hardening rate (𝜃) [40] , which was calculated using as follows (Eq. (1)):

𝜃 =
1

𝜎

𝑑𝜎

𝑑𝜀
(1)

where 𝜎 and 𝜀 are the true stress and true strain, respectively. All samples showed a

rapid decrease in 𝜃 in the first stage after yielding. Thereafter, their 𝜃 decreased

slowly before post-necking in the second stage. Post-necking occurs when 𝜃 < 1 [41].

The grain orientation (0°, 45°, or 90°) affected the BD and thus the tensile test results,

as a grain orientation of 0° resulted in the highest hardening rate in the second stage,

whereas a grain orientation of 90° resulted in the lowest hardening rate in the second

stage. The dashed lines represent the A0 samples, which showed a lower hardening

rate in the first stage (see arrows) at grain orientations of 45° and 90° but not at a

grain orientation of 0°.

To further understand the deformation behaviours, the instant work-hardening

exponent 𝑛 was calculated based on the Hollomon equation, as follows [42]:

𝑛 =
𝑑 𝑙𝑛𝜎

𝑑 𝑙𝑛𝜀
(2)

All samples had a similar trend for n (Fig. 6e): a steady increase with stress after

yielding. At post-necking, 𝑛 reached a maximum and decreased rapidly thereafter. In

the starting stage, the tensile bars with a grain orientation of 0° and 90° exhibited a

similar 𝑛 , whereas those with a grain orientation of 45° exhibited a lower 𝑛 . In the

final stage (i.e., before reaching the maximum 𝑛), the growth rate of 𝑛 for the tensile
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bars with a grain orientation of 0° was lower than that for those with a grain

orientation of 45°, because of which the latter were ultimately larger than the former.

The A0 samples had an 𝑛 (dashed lines) that was generally less than that of the A67

samples, but with a similar trend at each grain orientation (0°, 45°, and 90°). Fig. 6c–f

plots the anisotropy ratio of the tensile properties of the A0 and A67 samples,

benchmarked against the grain orientation of 0°, for which the anisotropy ratio is 1.

The ductility of the A67 sample was weakly anisotropic comparing to that of the A0

sample, and the YS and UTS had different anisotropic ratios in each of the three grain

orientations. The anisotropy ratios for ductility varied by as much as ~60% and ~35%

in the A67 and A0 samples, respectively.

Fig. 6g presents the microhardness of the samples at different orientations. In the

A67 samples, the average microhardness decreased from 98 to 95.7 HV as their grain

orientation varied from 0° to 90°. Fig. 6h shows that the anisotropy ratio of

microhardness for the A67 sample (1.000:0.986:0.976) was less than that of the A0

sample (1.000:0.981:0.959). Although the average has the different value of samples

at different orientations, the error bar makes the results insufficient to show that the

microhardness of Cu is anisotropic. The variation of samples on the hardness is

negligible. Furthermore, The microhardness values of pure Cu components fabricated

via EB-PBF [14], cLPBF [19] and annealing [14] were reported to be 50, 66, and 46

HV, indicating that HP-LPBF produces pure Cu with the highest as-printed hardness

yet reported for all the PBF processes.

Fig. 6i clarifies that the TC and EC of all samples were near-isotropic and that
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they were not significantly influenced by the rotating angle or the BD. In the

as-printed condition, the TC reached a maximum of ~383 W/m·K and the EC was

approximately 96% of the IACS, which was 15% greater than IACS of samples

reported in a previous study [26]. This increase was due to preheating the substrate to

100℃, as was suggested by others [43]. The EC and TC of HP-LPBFed pure Cu

samples were close to the theoretical maxima for these values exhibited by C10100

oxygen-free electronic (OFE) Cu [1]. This shows that the columnar and twisty grains

of the HP-LPBFed pure Cu samples did not lead to significantly anisotropic electrical

and thermal properties. This is similar to the isotropic thermal and electrical

properties of EB-PBFed pure Cu samples [14].
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Fig. 6 Properties of HP-LPBFed as-printed pure Cu A0 and A67 samples. (a)
Engineering stress–strain curves; (b) true stress–strain curves; (d) normalised
work-hardening rates; (e) instantaneous work-hardening exponents; (c- f) anisotropy
ratios of with sample orientations of 0°, 45°, and 90° (anisotropy ratio at 0° = 1); (g)
micro-hardness at sample orientations of 0°, 45°, and 90°; (h) anisotropy ratios at
sample orientations of 0°, 45°, and 90° (the anisotropy ratio at orientation 0° = 1); and
(i) thermal and electrical properties at different orientations.

Table. 4Mechanical properties of HP-LPBFed pure Cu samples

Sample True YS (MPa)
True UTS
(MPa)

Elongation to
failure (%)

Uniform
elongation (%)

A0-0° 213 ± 9 343 ± 13 20.9 ± 0.9 17.2 ± 1.1

A0-45° 195 ± 3 332 ± 18 22.1 ± 1.3 17.5 ± 1.4

A0-90° 217 ± 5 350 ± 16 32.9 ± 2.3 28.1 ± 2.5
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A67-0° 217 ± 11 371 ± 6 25.2 ± 2.1 21.6 ± 1.5

A67-45° 218 ± 6 376 ± 11 27.6 ± 1.6 24.2 ± 2

A67-90° 201 ± 8 378 ± 7 33.5 ± 1.5 29.9± 1.3

3.3 Fine grain strengthening in HP-LPBFed samples

Fig. 7a, b illustrates the tensile curves of groups of HP-LPBFed pure Cu samples

generated using different process parameters (Table. 2). 𝐸𝑙 is often used to determine

the optimal window for processing parameters, [44] as the higher the 𝐸𝑙 , the higher

the temperature of the molten pool and the slower the cooling rate during

solidification, all of which lead to a larger grain size. In crystal structure maps, the

average grain size of sample HP-A67, which was generated at a higher-than-normal

power and speed (260 W and 600 mm/s, respectively) was 8.43 μm, whereas that of

sample AP-A67, which was generated at a normal power/speed (220 W and 600 mm/s,

respectively) was 7.52 µm. The average grain size of sample HS-A67 (220 W and 800

mm/s) was 5.46 μm, and these fine grains gave it higher strength and thus better

work-hardening behaviour than other samples, and relatively high strength and

elongation. Although the RD of sample HS-A67 is ~99.5%, it was also susceptible to

lack-of-fusion defects which is hard to be revealed by RD [26].

Fig. 7c–f shows the fracture morphology of the HP-LPBFed as-printed pure Cu

samples. The necking phenomenon was seen in all of the samples regardless of the

scanning rotating angle (Fig. 7c). The typical fracture morphology, captured through

SEM, is shown in Fig. 7d, wherein the dimples and river pattern can be seen on the
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fracture surface. The as-printed samples were classified as exhibiting a mixed

ductile–brittle fracture mode [45]. At higher magnification (Fig. 7e), pores of size ~1

μm were visible among the dimples. The dimples (100–400 nm) in the samples were

smaller than those in cLPBFed Cu samples [45, 46].

Fig. 7 Influence of grain size on the tensile property of HP-LPBF as-printed pure Cu
samples. (a) Typical tensile stress–strain curves of samples fabricated using various
values of processing parameters and exhibiting various grain sizes; (b) IPF maps of
HP- and HS-A67 samples. (c- f) Fracture morphology of the samples observed via
SEM at different magnification.

4. Discussion

4.1 Yield strength

The YS of polycrystalline materials is related to their available slip systems, the

geometrical constraints on their GBs, [47] and the dislocation density [44]. The

Schmid factor is often used to describe the activation of slip systems of grains with
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different orientations and the anisotropy of polycrystals. The Schmid factors of the

A67 and A0 samples with grain orientations of 0°, 45°, and 90°, which were extracted

from EBSD data are shown in Fig. 8. On average, the Schmid factor in the A0 sample

with a grain orientation of 45° was the largest (0.4608), which was consistent with its

lowest YS of 195 MPa (Table. 4). However, the YS (~217 MPa) in the A0 sample

with a grain orientation of 90° was nearly the same (~213MPa) in the 0° direction,

while the Schmid factor at these two orientations has a 5% difference. Besides, the

A67 sample with a grain orientation of 45° sample exhibited the largest Schmid factor

of 0.4545, but its corresponding YS was greater than those of the samples with a grain

orientation of 0° or 90°. These two exceptions suggest that the Schmid factor alone

may not be sufficient to account for the anisotropy of YS. The anisotropy of GB

morphology must also be considered.

Fig. 8 Schmid factor distribution and mean Schmid factor of samples. (a) A67-0°, (b)
A67-45°, (c) A67-90°, (d) A0-0°, (e) A0-45°, (f) A0-90°.
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The GB strengthening phenomenon is largely explained by the Hall–Petch

relationship [48]. That is, the more GBs that need to be overcome in the loading

direction, the larger the force that is needed to cause the material to yield during

deformation [49]. Because GBs typically act as obstacles to dislocation movement,

dislocations build up at GBs in material, which ultimately enhances its strength. The

GB linear density distribution in the 0°, 45°, and 90° orientations in the A0 and A67

samples was obtained from Fig. 5, and explains why the A67-45° sample had the

highest YS: it had the highest GB density.

The strengthening of pure Cu could be attributed to the GB strengthening (∆𝜎𝐺𝐵),

dislocation strengthening (∆𝜎𝑑𝑖𝑠). Therefore, the YS (∆𝜎𝑌𝑆) can be expressed as[50]:

𝜎𝑌𝑆 = 𝜎0 + ∆𝜎𝐺𝐵 + ∆𝜎𝑑𝑖𝑠(3)

where 𝜎0 is the intrinsic YS of Cu which is related to the friction of lattice. This

strength was estimated to be 61.8MPa[50]. Moreover, GB strengthening (∆𝜎𝐺𝐵 ) can

be estimated using Hall-Petch relationship:

∆𝜎𝐺𝐵 =
𝑘𝐻𝑃

𝑑
(4)

where 𝑘𝐻𝑃 is the materials specific Hall-Petch coefficient (0.11MPa· 𝑚 ), 𝑑 is the

grain size (~7μm). Hence, the contribution of GB strengthening on the YS could be

calculated to be 41.5MPa. In addition to GB strengthening, the dislocation

strengthening is also a dominant factor of increasing YS. ∆𝜎𝑑𝑖𝑠 can be estimated by

the Bailey-Hirsch relationship:

∆𝜎𝑑𝑖𝑠 = 𝑀𝛼𝐺𝑏 𝜌 (5)

where 𝑀 is the Taylor factor ~3.06 for face-centred cubic (FCC) Cu, 𝛼 is the
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geometrical factor for FCC metals (0.2), 𝐺 is the shear modulus of Cu (48.3GPa), 𝑏 is

the burgers vectors of Cu (0.256nm), and 𝜌 is the dislocation density. Dislocation

density was measured using Williamson and Hall method[51]:

𝛿𝑐𝑜𝑠𝜃 =
λ

𝐷
+ 2𝜀 𝑠𝑖𝑛𝜃(6)

Where 𝛿 is the physical broadening of full width at half maximum (FWHM) of the

diffraction peak, 𝜃 is the diffraction angle, λ is the wavelength of radiation, 𝐷 is the

grain size, and 𝜀 is the internal strain. The 𝜀 and 𝐷 can be acquired by using linear fit.

The contribution of grain size on the peak broadening is negligible due to the

wavelength λ𝐾𝛼1=0.154nm and 𝐷= ~7μm. Hence, the term of
λ

𝐷
can be set to be

zero[35]. Four planes of (111), (200), (220) and (311) were used for linear fitting [44].

The strain 𝜀 can be estimated to be 0.099% shown in Fig. 9. The dislocation density 𝜌

could be calculated:

𝜌 = 𝑘
𝜀2

𝑏2
(7)

Where 𝑘 =16.1 for FCC Cu, and 𝑏 is the Burgers vector. Dislocation density was

estimated to be 1.99×1014 m-2. Furthermore, Fig.10(a)-(c) show the geometrically

necessary dislocation (GND) maps computed from the raw EBSD data on

corresponding samples. GND density of cross-section of A67/A0 samples is in the

order of ~1×1014 m-2, which demonstrates that the measurements by XRD are

reasonable. Therefore, according to Eq(5), the strengthening increase by dislocation

∆𝜎𝑑𝑖𝑠 was estimated to be 106.7MPa. Overall, we estimate 𝜎𝑌𝑆 of 210MPa in accord

with the experimental measurements (200~220MPa).
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Fig. 9 The XRD profiles of as-printed Cu and Williamson-Hall plot for the diffraction

pattern



27

Fig. 10 (a)-(c) GND maps of side surface of the A67sample, top surface of the A67

sample, side surface of the A0 sample, (d) GND density distribution on corresponding

samples

4.2 Ductility and work hardening behavior

The A67 samples generally has higher ductility (25.2%–33.5%) than the A0

samples (20.9%–32.9%), which is attributable to grain refinement [52]. Fine grains

can easily accommodate deformation and inhibit microcrack generation. In addition,

molten pool boundaries were reported to have weak binding forces [53], and thus a
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coarse grain zone, leading to these boundaries failing rather than GBs. The twisty

molten pool of the A67 samples introduced multi-angle boundaries, which prevented

the formation of cracks and thus enhanced these samples’ ductility [54], whereas the

unidirectional distribution of grains in the A0 samples resulted in uneven deformation

and crack initiation.

Regarding the anisotropic tensile behaviour of the LPBF samples, a 90° grain

orientation has been reported to have a higher elongation than a 0° grain orientation

[27, 53, 55]. The anisotropic ductility of LPBFed 316L stainless steel is often due to

twinning deformation [47, 55]. However, many reports [56-58] have demonstrated

that due to high stacking-fault energy, deformation twinning of Cu rarely occurs at

room temperature and at low strain rates, unless prior severe plastic deformation has

occurred [56]. Therefore, in the as-printed Cu, dislocation slipping, not twinning, was

the dominant deformation mechanism; that is, the columnar grains were responsible

for the anisotropic deformation behaviour. The higher GB density at grain orientations

of 0° than at grain orientations of 90° is because the former generates more barriers

that the dislocations needed to overcome. As discussed in the previous section,

dislocation density is the dominant strengthening mechanism in pure Cu, and the

initial dislocation densities of all HP-LPBFed samples in this work were almost the

same. However, the hardening stage differed for the A0 and A67 samples and the HP

and HS samples, which was due to the key roles played by the accumulation, storage,

and nucleation of dislocation. A higher GB density generated more dislocations in the

plastic deformation stage and enhanced the work-hardening rate. Therefore, the
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anisotropic ductility can be attributed to the different GB density in different grain

orientations leading to various mean free paths for the dislocations.

4.3 Microhardness

The Hall–Petch relationship is usually applied to explain the relationship between

grain size and hardness, as follows (Eq. (4)) [59]:

𝐻 = 𝐻0 + 𝑘𝑑−
1
2(4)

where 𝐻 is microhardness, 𝐻0 and 𝑘 are material constants, and 𝑑 is the grain size of

the material. Although the EBSD results in Fig. 4 show that the top surface (~5μm)

had finer grains than the side surface (~7μm), the highly nonuniformity of grain size

in a local area makes the microhardness variation induced by different surface is

negligible shown in Fig. 6(g). The microhardness mostly ranges from 90~98HV and

the variation in the same surface of samples is about ~6HV. Therefore, we conclude

the Cu components are isotropic in microharness.

4.4 Electrical and thermal conductivity

The EC and TC of pure Cu is related to its defects, namely GBs, dislocations, and

other electron scattering-induced defects [29]. If we ignore the vacancies and impurity

elements (which are minor and not applicable to this case), the anisotropy of EC and

TC in LPBFed Cu can be derived from the non-uniformity of GBs and dislocations.

According to the Matthiessen rule [60], the resistivity of pure Cu, 𝜌0 , can be

expressed as
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𝜌0 = 𝜌𝑡 + 𝜌𝐺𝐵𝑠 + 𝜌𝑑𝑖𝑠𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛𝑠 + 𝜌𝑜𝑡ℎ𝑒𝑟𝑠 5

where 𝜌𝑡 is the resistivity corresponding to the temperature, 𝜌𝐺𝐵𝑠 represents the

resistivity induced by the GBs, 𝜌𝑑𝑖𝑠𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛𝑠 is the resistivity related to dislocations

and 𝜌𝑜𝑡ℎ𝑒𝑟𝑠 is the resistivity related to impurities and voids. 𝜌𝑑𝑖𝑠𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛𝑠 is

influenced by the dislocation density, which is 1 × 1014–1 × 1015 m−2 in as-printed

pure Cu [44]. However, a dislocation density of 1 cm−2 leads to a resistivity of only

approximately 1.5 × 10−13 μΩ·cm [61], and the dislocations contribute less than 0.9%

of the IACS. Similarly, 𝜌𝐺𝐵𝑠 can be written as [61]

𝜌𝐺𝐵𝑠 =
3

2
∙
λ

𝐷
∙

𝑅

1 − 𝑅
∙ 𝜌0 6

where 𝑅 is the reflection coefficient, which is related to the characteristics of the GB;

λ is the mean free path of the electrons (~40 nm); 𝐷 is the grain size; and 𝜌0 is the

bulk resistivity of pure Cu (1.7 μΩ·cm). 𝑅 is reported in the literature to be 0.56 [62].

Therefore, 𝜌𝐺𝐵𝑠 was about 1.03% of the IACS for a grain size of 7.52 μm (Fig. 6k).

Thus, the anisotropic fine grains exerted little influence on the EC. In pure Cu, the TC

and EC follow the Wiedemann–Franz relationship [19, 63] , because the carriers

follow the same transition mechanism. Thus, both the TC and EC were excellent and

near-isotropic in HP-LPBFed pure Cu samples.

4.5 Superior material properties of pure copper achieved by HP-LPBF

The first superiority of HP-LPBF is low requirement for the laser power. The fine

beam enables the focus of energy and sufficient melting of solid Cu. Furthermore,

each layer can be well fused by utilizing the thin layer of 10μm and more absorptivity
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of laser energy can be achieved by fine powder (D50~14μm). In the previous work, a

fine laser beam size of 35 µm has been employed to fabricate pure Cu parts by

Silbernagel et. al [3]. However, the 30-60 µm layer thickness and a large average

particle size of 38 µm, which require a high energy input, result in an insufficient

melting and lack-of-fusion microstructure with RD of 85.8%. Overall, the HP-LPBF

properly combined the features (fine beam, thin layer thickness, and fine powders) to

realize the defect-free LPBFed Cu in this work.

In terms of microstructure, the crystal structure in PBFed samples largely

depends on epitaxial growth, which is controlled by the thermal gradient during

processing, and the nucleation, which is influenced by the grains in the preceding

solidified layers [36]. Because LPBF is a bottom-up and layer-by-layer process,

thermal gradient in the BD is inevitable. Hence, columnar grains are common in PBF

processes [13, 63, 64]. Furthermore, the different rotating angles in samples A67 and

A0 led to differences in their nucleation characteristics, which ultimately affected

their microstructure. Given the use of thin layers (10 μm) and a fine laser beam (25

μm), the molten pools in the HP-LPBF process were only ~100 μm deep [26]. In

contrast, cLPBFed pure Cu samples obtained with thicker layers (30 μm) and a

thicker laser beam (37.5 μm) had molten pools depth ~400 μm [19]. Thus, relatively

fine grains in HP-LPBF are a result of its smaller molten pools and higher cooling

rates [27].

Despite the fine grains, a comparison between the A67 and A0 samples reveals

that grains with different aspect ratios influenced the anisotropy of the mechanical
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properties of the samples, including their ductility and strength. During layer-by-layer

processes, the vertical thermal gradient along BD is stable. In addition, as reported

[17], the laser scan enables the horizontal thermal gradient along the moving direction

of molten pools. Hence, the rotation angle makes scan direction different and thermal

gradient complicated, which realizes the different direction of grain growth in the A67

samples. However, there was a more stable thermal gradient in A0 samples without 67

degrees rotation for each layer. As a result, the A0 samples have more long and

straight grains with higher aspect ratios.

In summary, pure Cu samples fabricated by a HP-LPBF process have

demonstrated better mechanical properties, TC and EC than those fabricated by other

PBF processes (Fig. 11). Fig. 11a shows the trade-off between UTS and elongation of

samples obtained by the HP-LPBF process and those obtained via other PBF

techniques [10, 14, 19, 25, 44-46]. The yellow region indicates the properties of OFE

Cu [1]; as can be seen most of as-printed PBFed samples had better mechanical

properties than OFE Cu. Thus, with respect to the UTS–elongation trade-off, the

HP-LPBFed samples had better mechanical properties than all previously reported

PBFed samples. The EC and YS of the various samples are presented in Fig. 11b.

Most studies have to make undesirable trade-off between these two properties,

whereas the HP-LPBFed pure Cu presented in this work simultaneously achieved

high EC and high YS, highlighting its great potential in fabricating complex pure Cu

samples with high performance requirement.
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Fig. 11 Comparison of pure Cu obtained by HP-LPBF and other PBF processes. (a)
UTS vs. elongation-to-failure; (b) EC vs. YS.

5. Conclusion

By HP-LPBF with fine laser beam of 25μm and 10μm layer thickness, the high

comprehensive performance of pure copper has been achieved with good

thermal/electrical conductivity and mechanical property. Through rotating the scan

directions between layers, the grain aspect ratio was reduced, and the mechanical

properties were improved with weakened material anisotropy. The fine grain size of ~

5μm are attributed to the smaller molten pool formed by HP-LPBF. The electrical and

thermal performance of as-printed parts are close to the commercial pure copper in

the annealed condition. Overall, the comprehensive performance of the pure copper

fabricated by HP-LPBF outperforms those by other PBF techniques, which has great

potentials in many exciting applications such as electromagnetics and thermal

management. The main takeaways of this work are presented as follow:

1. The high comprehensive properties of pure copper were realized by HP-LPBF

with 25μm laser beam size, 10μm layer thickness, 5-30μm powder size: YS
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~200MPa, UTS ~380MPa, total elongation ~40%, microhardness ~97 HV,

thermal conductivity ~383W/m·K, and electrical conductivity ~96% IACS.

2. When rotation angle of 67° were applied, the grain morphology was twisty with

higher GBs density along 45° direction. When the rotation angle was 0°, the grain

morphology was straight. The GBs density ranking order is 0°>45°>90°. The

variation of GBs density was responsible for the anisotropy of mechanical

properties.

3. Strength has a similar anisotropic ratio in A67/A0 samples, which is related to the

GBs density distribution. Ductility has anisotropy value of ~60% and ~35% in

A67 and A0 respectively. The microhardness, thermal and electrical conductivity

of HP-LPBFed pure copper is almost isotropic.

4. When parameters with different energy density were used, the grain size of

as-printed pure copper vary. The finer the grain, the higher the strength and

ductility.
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