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Abstract: Selective laser melting (SLM) was used to fabricate copper samples under various processing parameters. The

influence of laser linear energy density on the microstructures and mechanical properties of the SLM copper samples were

investigated theoretically and experimentally. Based on the results, the optimal linear energy density that can result in the

best relative density (99.10£0.5%) and surface roughness (Ra=12.72+4.54 um) was determined to be 0.50 J/mm which

corresponds to the laser power and scanning speed of 200 W and 400 mm/s, 300 W and 600 mm/s, respectively. Under the

optimal processing conditions, the microhardness and strength (i.e., yield strength and ultimate tensile strength) of the copper

sample achieved the highest value. In addition, it is also found that the microstructure of the SLM pure copper samples was

characterized by polycrystalline grains with columnar dendrites and equiaxed structures dispersed inside. The grain size

showed a decreasing trend as linear energy density increased due to the improved intrinsic heat treatment effect. The paper

proves that nearly full dense copper with desirable mechanical properties can be fabricated through SLM.
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1 Introduction

Copper (Cu) has been predominantly used as the raw material for thermal management and electrical conduction in a

wide range of industrial sectors due to its excellent thermal conductivity and electrical conductivity [1]. Today, the rapid

development of modern electronic industry has requested copper component to have complex structures [2]. Conventional

subtractive manufacturing technologies face a lot of challenges to fabricate such components. Thanks to the development of

novel additive manufacturing (AM) technology, the fabrication of copper components with complex structures has become

possible. Among all available AM processes, selective laser melting (SLM) has demonstrated superior advantages over other

processes. SLM is developed based on the discrete-stacking principle, in which a high-power laser beam is used to selectively

melt the powder feedstock in a powder bed according to a pre-defined computer-aided design model. The liquid molten pool

created by the laser rapidly cools to form a solid track which can form near-net-shape components when combined with

neighbouring tracks and layers. SLM offers many unique merits such as high flexibility in geometric design, rapid production

of components with complex geometry and high spatial resolution (e.g., porous structures, turbine disc and cellular

lightweight structures [3]), improved microstructure and properties [4,5], customization of products at an acceptable cost (due

to the lack of tooling), and little material waste through the recycling of unprocessed powder [6].

Despite SLM has shown great potentials as a future manufacturing technology, the working principle of SLM makes it

predominantly suitable for the fabrication of materials with low reflectivity, low thermal conductivity, and free of low boiling

point volatile elements [7], such as Fe-based alloys [8,9], Ni-based alloys [10], Co-based alloys [11], and Ti-based alloys [12].

However, copper and copper alloys, due to their high reflectivity and thermal conductivity, are typically not preferential raw

materials for SLM. As such, to date, only few studies with regard to SLM copper-based materials have been reported. Most

of these studies focused on the optimization of SLM processing parameters based on the principle of maximal relative density.
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Table 1 summarizes the optimal parameters and the resultant relative densities obtained in different studies. Apart from the

parameter optimization study, another important research theme is electrical conductivity of the SLM copper parts. It was

reported by Zhang et al. that the SLM Cu-10Zn alloy with a relative density of 99.97 % could gain an electrical conductivity

of 43.19 % ICAS [13], while in the work of Silbernagel et al. the electrical conductivity of SLM pure copper was reported to

be 21.1 % ICAS in the as-fabricated state and 50.3 % in the heat-treated state (1000 °C for 4h) [14]. Very few studies also

attempted to investigate the mechanical properties of SLM copper alloys. In the work of Zhang et al., the tensile strength of

SLM Cu-10Zn alloy was 10 % higher than that of a forging counterpart at the expense of 25 % lower ductility [13]. A more

recent study reported by Wang et al. demonstrated that SLM Cu-15Ni-8Sn alloy had better performance in both strength and

ductility [15].

Table 1: Summarization of the optimal parameters and the resultant relative density of SLM copper-based materials

Key parameters SLM machine Relative density Ref.

P:1800 W, V: 300 mm/s, D: 0.14 mm. Self-developed platform 99.97 % [13]
P: 200 W, V: 300 mm/s, D: 0.05 mm, .

Renishaw AM125 85.8 % [14]
T: 167 ps, L: 45 um
P: 200 W, V: 100 mm/s, D: 0.05 mm

Sinterstation Pro DM 125 88.1 % [16]
T: 400 ps
P: 800 W, V: 300 mm/s, L: 0.05 mm Self-developed platform 96.6 % [17]
P: 800 W, V: 400 mm/s, D: 0.07 mm

Self-developed platform 99.4 % [18]
L:30 um
P: 600 W, V: 1000 mm/s, L: 50 pm Self-developed platform 97.8+0.4 % [19]

P: laser powder, V: scanning speed, D: hatch distance, T: exposure time, L: layer thickness

Based on the short literature review provided in the last paragraph, it can be noted that most of the existing studies,

although very limited, actually focused on the processing parameter optimization of SLM copper or copper alloys, and only

few attempted to explore their electrical and mechanical properties. Particularly, the mechanical properties of SLM pure
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copper are barely reported in literature. Therefore, the current study is aimed at filling the research gap through a

comprehensive experimental and theoretical investigation on the macro- and micro-structure characteristics and the

mechanical performance of SLM copper samples.

2 Experimental methodology

2.1 Feedstock and processing parameters

Gas-atomized pure copper powder (Beijing COMPO Advanced Technology Co.) with a minimum purity of 99.9 wt. %

was used as the feedstock as shown in Fig. 1a. The chemical composition of the raw materials is presented in Table 2. The

etched cross-sectional image of a copper powder is also presented as an insert in Fig. 1a, showing its grain structure. The

particle size distribution was measured using a laser diffraction particle analyzer in dry mode (Mastersizer 2000, Malvem

Instruments Ltd., UK), which results in djo=17.1 pm, dso=31.2 pm, and dgp=50.0 pm, as indicated in Fig. 1b.

Cubic specimens with a dimension of 10 mm x 10 mm x 8 mm and dog-bone tensile samples with a gauge length of 25

mm, width of 3 mm and thickness of 3.5 mm were fabricated with an EOS M290 SLM system equipped with a 400 W

Yb-Fiber laser having a wavelength of 1064 nm and a laser spot size of 100 pm (1/e? value) in a Gaussian energy distribution,

as depicted in Fig. lc. To avoid the oxidation of the copper samples during manufacturing, the atmosphere of the processing

chamber was kept as an oxidation-free environment by pumping a continuous flow of high-purity nitrogen. In order to

prevent the occurrence of balling phenomenon during the manufacturing process, the substrate of the building platform

(stainless steel grade 316L) was pre-heated to 353 K. A bi-directional scanning strategy with a rotation angle of 67° between

adjacent layers was applied. For finding the optimal scanning parameters, various laser power and scanning speed were

applied in this work. The detailed processing parameters used in this work are listed in Table 3. The reason for choosing

these parameters will be discussed in Section 3.1. In order to improve the ductility of the SLM copper samples, part of the



75 as-fabricated samples were annealed at a temperature of 773 K for 4 hours in vacuum environment and then air-cooled to

76 ambient temperature (i.e., around 293 K) in atmosphere.
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77
78 Figure 1: (a) SEM micrograph of the copper powders used in this paper with an inserted photo showing the etched
79 cross-section of a single particle; (b) size distribution of the powder feedstock; (c) photos of the metallographic samples and
80 tensile specimens.
81 Table 2: Nominal chemical composition of the copper powders used in this study

Element Ag Fe Ni Pb Zn Sn (0] Cu

wt. % 0.0012 0.0005 0.0010 0.0008 0.0006 0.0240 0.0446 Balance

82
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Table 3: Laser parameters of the SLM process applied in this study

Scanning parameters

Laser spot diameter (um) 100

Hatch space (um) 80

Layer thickness (um) 30
Laser power (W) 150, 200, 250, 300, 350
Scanning speed (mm/s) 200, 400, 600, 800, 1000

2.2 Materials characterization

The surface topography of the SLM samples was measured using a DektakXT profilometer (Bruker, US). The relative
density of these samples was calculated based on Archimedes principle employing the following formula (1):

PSLM  __ Pwater*MSLM(air) (1)

Pstandard Pstandard*(MSLM(air) "MSLM(water))

where pspum is the density of the SLM copper samples, Swndard 1S the standard density of copper [20], msimcin is the weight of

the SLM samples in air, mspmwater) 1S the weight of the SLM samples in water, pwaer 1S the density of water. The weight of

the SLM parts was measured using an analytical balance (ABZ 200C, PCE instruments, Germany) and the measurement was

replicated for three times to determine the mean value of the weight. Three samples were tested and averaged to determine

the relative density. All the specimens for metallographic analysis were first polished using SiC grinding papers followed by

AlO; suspensions. The polished cross-sections were then characterized using an optical microscope (Leica Dmi5000m,

Germany) to study the defects (i.e., pores) in the sample. The polished samples were also etched by a reagent of 2 ml HCI, 1

ml Fe;Cl, and 97 ml C;HsOH for 50 s. The microstructures were then characterized via the optical microscope and SEM (FEI

Nova NanoSEM 450, US).
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2.3 Mechanical property tests

The Vickers microhardness of the specimens was measured using a microhardness tester (Leitz-Wetzlar, Germany) with
a load of 50 g and a dwell time of 15 s. For each sample, ten measurements were taken from random positions on the
polished cross-section of the sample and averaged to obtain a mean value. Tensile tests were performed under room
temperature at a displacement of 10 mm/min according to the ASTM E 8M. The ultimate tensile strength (UTS) and yield
strength (YS) were obtained directly from the tensile tester (Instron 5982, US). The tensile strain to failure was measured
using strain gauges and electronic extensometers with a gauge of 10 mm. The strain gauges were fixed on the gauge region of
the testing sample and taken off after yielding to ensure the measurement accuracy. The elongation at break (EL) was
determined under the guidance of ASTM E111 standard. For each sample group, the test was replicated for three times and
the mean value was calculated. The fracture surfaces of the tensile samples were investigated using SEM to identify the

fracture mechanism of the SLM copper samples.

3 Results and discussion

3.1 Processing parameter optimization

3.1.1 Theoretical calculation for the minimal linear energy density

Energy density plays an important role in the manufacturing process of SLM and can be applied to roughly estimate the
powder melting behavior [21]. Therefore, a systematic analysis and theoretical calculation of laser parameters are conducted
in this section in order to determine the linear energy density required for the processing of copper via SLM. The minimal

energy (Ex, J/mm?) that is required to melt a unit volume of material can be expressed by Eq. (2) [22,23]:

E, =p[L+ Cp(Tm = To)] 2)
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where p is the density of the copper powders, L is the latent heat of fusion, C,, is the specific heat of the bulk material, Tp, is
the melting point and Ty is the initial temperature of the material before SLM processing. The physical properties of copper
and the processing conditions used for copper powder during SLM can be found in Table 4. Based on Eq. 2 and Table 4, the
minimum energy required for melting unit volume copper powders that has already been preheated to 353 K was calculated
as 5.30 J/mm?. This suggests that the linear energy density must allow the laser energy absorbed by unit volume copper

powders exceed 5.30 J/mm? so that they can be effectively melted.

From the discussion above, we can note that in order to fully melt the copper powders during SLM, the laser energy
absorbed by copper powders per unit volume (Ey, J/mm?) must be known and exceed 5.30 J/mm?. The following equations
are thus proposed to calculate this. For facilitating the derivation, the schematics of the heat transfer process of a molten pool
during SLM processing are provided in Fig. 2. We first start from the calculation of laser energy flux (qin, W/mm?). If we
assume that the intensity of a laser spot follows Gaussian distribution, the laser input energy flux can be expressed by Eq. (3)
[24]:

2nP 2r?
(1) = T exp(=77) &)

where 1) is the laser absorptivity coefficient of the copper powder, P is the laser power, 1y is the laser spot radius, and r is the
distance from the laser center spot (also refer to Fig. 2b). By integrating Eq. 3 from O to r,, we can have the total laser input

energy (Qin, W) as expressed by Eq. (4):
1
Qin = J,° 2mrgin (r) dr = nP(1 — ) @)

By averaging the total laser input energy over the surface area of the molten pool, we can have the average laser energy flux

(Qave, W/mm?) through the surface of the molten pool as expressed by Eq. (5):
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Qave = (1 — = (5)

Ty e?

During the SLM processing of copper powders, the surface temperature of molten pool is rather high. In this respect, the
laser input energy cannot be completely absorbed by the copper powders due to the high temperature induced energy loss (i.e.,
convection, radiation and evaporation) as depicted in Fig. 2a. It is reported that such energy loss accounts for approximately
20 % of the total laser input energy [25]. Therefore, the effective laser energy flux (ger, W/mm?) that is actually used for

melting the pure copper powders can be expressed as Eq. (6):

Qefr = 80%Qave (6)

Egs. 5 and 6 result in the effective laser energy flux through the surface of the molten pool, from which we can further

calculate the laser energy absorbed by copper powders per unit volume using Eq. (7):

2
. -t
EV — Ty, Jeff (7)
Vefr

where t is the laser exposure time, and Vs is the effective volume of molten pool. The value of t can be determined by the
2 . . . .
formula, t = %, where v is the laser scanning speed and 2ry is the laser spot diameter. If we assume that the shape of molten

pool is a segment of an equivalent sphere as displayed in Fig. 2b, the effective volume of molten pool can be estimated by Eq.

(8):
Vg = m(Rh2 — §h3) ®)

where R is the radius of the equivalent sphere, and h is the effective penetration depth of the laser in the powder bed (also
refer to Fig. 2b). By substituting Eqgs. 5, 6 and 8 into Eq. 7, we can find the laser energy absorbed by copper powders per unit

volume during SLM as expressed in Eq. 9:

By =S e ®
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where 518 the linear energy density that can be donated as vy.

The parameters that are required for solving Eq. 9 are listed in Table. 2 and also explained in Fig. 2b. Yadroitsev et al.
reported that the width of the continuous laser melt path was approximately 130 %-200 % of the laser spot diameter [23,26].
In our study, the laser spot diameter was 100 pm, and thus the width of the laser path was roughly estimated as 150 pm, half
of which was 75 um (r,). The angle of o was determined as 60° according to the measurement on the cross-section of a
single-track deposit from Ref [26]. R was then calculated as 86.60 pm through trigonometry. The effective melting depth of
the laser melting zone was calculated to be 43.30 pm from R, o A and rp, as shown in Fig. 2b, where 1, is radius of laser track.
By solving Eq. 9 using the parameters provided in Table 4 and comparing the calculated laser energy absorbed by unit
volume copper powders (E,) to the minimum linear energy density required for melting a unit volume of copper powders (E,,
5.30 J/mm?), we can find that only when the linear energy density is higher than 0.074 J/mm, the copper powders can be
completely melted and a continuous laser track can be formed. Therefore, all the processing parameters applied in our
experiments result in a linear energy density of higher than 0.074 J/mm. Therefore, the minimum linear energy density used

in the experiments is 0.15 J/mm in order to make sure the effective melting of copper powders.

LConvectio {\}

(@ z

Gaussian (o)
distribution

Bt e 0| ity s
[Evepoation | “& g | Radiation |
’4 T

ol DLt L™

Molten pool Re-melted area

Heat conduction
SLM pure copper part

Figure 2: Schematics of heat transfer process of a molten pool during SLM processing. (a) heat transfer in laser molten pool

during the SLM process; (b) simplified mathematical model of the laser molten pool.
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Table 4: Physical properties and process conditions of the copper powders for theoretical calculation

Physical property Symbol Value / unit
Density p 8.96x103 kg/m? [20]
Specific heat (0% 384.6 J/(kgeK) [20]
Melting point T 1357.77 K [20]
Initial temperature To 353 K [20]
Latent heat of fusion L 2.05x10° J/kg [20]
Absorptivity coefficient n 0.44 (particle size < 100 pm) [27]
Laser spot radius T 50 um
Half of the laser path r 75 um

3.1.2 Surface roughness

Fig. 3 shows the macro morphology of the SLM copper samples fabricated under different processing parameters. It is

seen that all the SLM copper samples showed a perfectly cubic shape when the linear energy density was lower than 1.00

J/mm. Above this, the samples failed to present a cubic shape but demonstrated a distortion or collapsing feature due to the

excess energy input from the laser. Note that the sample made under the linear energy density of 1.25 J/mm was actually

distorted severely due to much higher energy input but the distortion was not clearly presented in the figure. Fig. 4 shows the

effect of linear energy density on the surface roughness of the samples. It is found that with increasing the linear energy

density the surface roughness of the SLM copper samples sharply reduced first and then increased after reaching the minimal

value. It is known that the surface roughness of the SLM samples is predominately affected by a so-called balling

phenomenon which is closely related to the linear energy density [28]. As the linear energy density increased from 0.15 to

0.50 J/mm, time duration of the molten pool in liquid state gradually increased, which results in an improved fluidity of the

molten metal. This phenomenon significantly mitigated the balling phenomenon and thus led to a reduced surface roughness

from 31.42+3.53 pm to the minimum value of 12.7244.54 um. As the linear energy density further increased from 0.50 to

11



185 1.00 J/mm, the high energy led to a simultaneous melting of the copper powders and also part of previously solidified laser
186  track, and thus an increased volume of molten pool. In this case, despite higher energy density, it is still not enough to
187 maintain the good fluidity of the larger molten metal. Therefore, the surface roughness deteriorated after reaching the

188 minimum value.
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190 Figure 3: Macro morphology of the SLM copper parts fabricated under different processing parameters. The linear energy
191 density for each set of the processing parameters was calculated and provided above each sample.
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Figure 4: Effect of the liner energy density on the surface roughness

3.1.3 Relative density

Fig. 5 shows the microstructures of the SLM copper samples fabricated under different processing parameters. A large

number of defects can be found when the linear energy density is at a low level (i.e., lower than y=0.5 J/mm); such defects

were significantly mitigated as the energy density increased. In order to provide a quantitative analysis, the relative density of

each sample against the linear energy density is plotted in Fig. 6. It is seen that as the energy density increased the relative

density rose at the beginning and then decreased after reaching the peak, which is reverse to the surface roughness changing

trend. The reason for such changing trend can be summarized as follows. When the linear energy density was low (i.e., from

v=0.15 J/mm to y=0.50 J/mm), the energy input into the molten pool was insufficient to maintain the molten poor for a long

time. This resulted in a poor fluidity of the molten pool and hence the formation of irregular pores as can be seen in Fig. 5. As

13



203

204

205

206

207

208

209
210

211

the linear energy density increased, the fluidity of the molten pool became better and hence the porosity reduced (i.e., the

relative density increased). In contrast, at higher linear energy density (i.e., from y=0.50 J/mm to y=1.00 J/mm), severe

convective motion and vaporization of the molten pool caused a large amount of surrounding gas and reaction gas trapped in

the molten pool, leading to the formation of circular pores [29]. Therefore, as the linear energy density further increased, the

convective motion and vaporization of the molten metal became more prominent. As a consequence, more and more gas was

trapped in the molten pool, which resulted in a reduction in relative density.
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Figure 5: Microstructure of the SLM copper samples under different processing parameters.
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3.2 Microstructural evolution

Based on the results obtained from the last section, it can be found that the optimal linear energy density for the

experiments performed in this work was 0.5 J/mm at which the relative density (99.10+0.5 %) and surface roughness

(12.7244.5 pm) achieved the optimal values. In this section, the microstructure evolution of the SLM copper sample

fabricated under the optimal linear energy density was studied in the as-fabricated and heat-treated states. For comparison,

two representative samples fabricated under lower (y=0.35 J/mm) and higher (y=0.63 J/mm) linear energy density than the

optimum were also studied. Fig. 7 shows the cross-sectional microstructures of the four SLM copper samples obtained by

optical microscopy.

15
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When the linear energy density was lower (0.35 J/mm), un-melted powders marked by the red dash lines and irregular

pores marked by yellow arrows were found within neighboring laser tracks as shown in Fig. 7a. This is due to the poor

flowability of the melted metals at the surrounding area of the fringe of the molten pool where defects tend to form. As linear

energy density increased to the optimal value (i.e., y=0.5 J/mm), only a small quantity of pores were found in Fig. 7b due to

the optimal energy input. Further increasing the energy density to 0.63 J/mm resulted in the formation of large pores again as

shown in Fig. 7c due to the trapped gas. In addition, by comparing the as-fabricated sample to the heat-treated sample, the

latter showed a much coarser microstructure (Fig. 7d), while the character of the pores had no significant difference.

Figure 7: Microstructure of the SLM copper samples with different linear energy densities: (a) y=0.35 J/mm; (b) y=0.50

J/mm; (c) y=0.63 J/mm; (d) y=0.50 J/mm after heat treatment.

Fig. 8 shows the SEM images of the microstructure of the SLM copper samples fabricated under different linear energy

16
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densities. The laser tracks and the molten pool fronts of different samples are clearly observed in Fig. 8a, c and e. The width

of the laser tracks was measured as 80-90 pm (y=0.35 J/mm), 95-102 um (y=0.50 J/mm) and 100-108 pm (y=0.63 J/mm),

showing an increasing trend with the energy density. These values approximately equaled to the laser spot diameter (100 pm).

A number of pores were found between adjacent tracks, which are consistent with the observations in Fig. 7a. In addition,

from the high-magnification images shown in Fig. 8b, d and f, it was found that the microstructure of the SLM copper

samples was characterized by columnar dendrites and equiaxed substructures distributed in polycrystalline grains. Owing to

the synergic effect of large thermal gradient, liquid-solid interface of the molten pool and rapid solidification rate, the

equiaxed structures were principally formed near the interface of the adjacent solidified molten pool fronts as marked by

yellow arrows shown in Figs. 8d and f, while the columnar dendrites were mainly dispersed in the polycrystalline grains.

Such columnar dendrites also existed in the sample fabricated under lower linear energy density (y=0.35 J/mm), but they are

too small to be seen in Fig. 8b. It is also noticed that with increasing the energy density, the grains and substructures became

coarser and coarser due to the improved intrinsic heat treatment effect [30]. The change in grain size can be clearly seen when

the linear energy density was increased from 0.35 to 0.50 J/mm (Figs. 8b and d). With further increasing the linear energy

density, the variation in grain size is not prominent but the substructures (i.e., columnar dendrites) became larger (Figs. 8d

and f). Furthermore, by comparing the as-fabricated sample to the heat-treated sample, it was seen that the grains grew to a

larger size after heat treatment due to the recrystallization phenomenon, and the substructures (i.e., columnar dendrites and

equiaxed structures) vanished as depicted in Fig. 8g.
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3.3 Mechanical properties

3.3.1 Microhardness and tensile performances

The microhardness and the stress-strain curves of the SLM copper samples fabricated under different linear energy

densities are shown in Fig. 9, and the corresponding statistic data is provided in Table 5. For comparison, the microhardness

of the copper powder used in this work and a wrought C11000 copper counterpart is provided in Fig. 9a as well. It is seen in

Fig. 9a that the copper sample fabricated under the optimal linear energy density (y=0.50 J/mm) had the highest

microhardness due to the least microstructural defects and highest relative density among the three samples. Furthermore, the

microhardness of the SLM copper samples was higher than that of the powders because of the finer grain structures caused

by the much higher cooling rate experienced by the copper samples during (10>-10° K/s [31]) than that experienced by the

powders during gas atomization (10%-103 K/s [32]). For the same reason, the microhardness of the SLM copper sample was

64 % higher than that of the wrought C11000 copper. In addition, after heat treatment, due to the occurrence of

recrystallization-induced grain size growth, the microhardness showed a 13 % reduction.

(a) 120
) Powder RN y=0.35 J/mm

W100}  E2£4v=0.55 J/mm E=]v=0.63 J/mm
s ] Heat-treated
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Figure 9. Mechanical properties of the SLM pure copper sample. (a) microhardness, and (b) stress-strain curves
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As for the tensile test, the SLM copper samples exhibited excellent mechanical properties due to the fine grains caused

by extremely rapid cooling. Again, the copper sample fabricated under the optimal linear energy density had the highest YS

and UTS due to the least microstructural defects. The EL of the copper samples had no significant difference as the linear

energy density increased from 0.35 to the optimum (y=0.50 J/mm). Despite a slight decrease, such change can be reasonably

neglected by considering the error bars. It is not clear why EL was not improved under the synergistic effect of increased

relative density and grain size at the optimal condition. Further in-depth investigations are needed to fully clarify this. For

higher linear energy density, a 57 % increase of EL was found as compared to the optimum (y=0.5 J/mm). This may be due to

the increased grain size which contributes to the improvement of ductility. When comparing the mechanical properties of the

SLM samples with the wrought C11000 copper (YS=69-365 MPa, UTS=221-455 MPa [20]), it was found that the YS of the

SLM copper samples was 28 % (y=0.35 J/mm), 71 % (y=0.50 J/mm) and 22 % (y=0.63 J/mm) higher than the lower

threshold of the YS of the wrought copper. The UTS of the SLM copper samples fabricated under optimal linear energy

density (y=0.50 J/mm) was 27 MPa higher than the lower threshold of C11000 copper, while the other two samples had

equivalent values. The EL of all the SLM copper samples was much higher than the lower threshold of C11000 copper. The

comparison clearly demonstrated that the SLM copper samples fabricated in this work can meet the minimum requirement of

wrought parts. In addition, the mechanical properties of the heat-treated sample were also compared with those of the

as-fabricated sample. After heat treatment, the YS and UTS showed a sharp decrease by approximately 27 % due to the

recrystallization-induced grain coarsening. For the same reason, a significant improvement of ductility by 226 % was found

for the heat-treated sample.

Table 5: Mechanical properties of the SLM copper samples

Samples Microhardness (HVgs) YS (MPa) UTS (MPa) EL (%)

v=0.35 J/mm 78+5.1 157+7.1 218+10.0 10.8+1.25
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v=0.50 J/mm
v=0.63 J/mm
v=0.50 J/mm (heat-treated)
Powder

C11000 [20]

84+4.2
81+3.6
73+5.2
68+5.4
51.3-104

187+5.3
153+6.9
51+8.2

69-365

248+8.5
222493
215+7.2

221-455

9.242.12
14.8+1.75
30.0£3.04

4-55

3.3.2 Fracture mechanism

Fig. 10 shows the fractography of the SLM copper samples fabricated under different energy densities after tensile test.

It was found from Fig. 10a, ¢ and e that the tensile samples in the as-fabricated state did not exhibit an obvious necking

phenomenon, showing a brittle fracture feature. From the high-magnification views shown in Fig. 10b, d, and f, both

dimple-like and river-like features can be clearly seen on the fracture surfaces, which confirms that the fracture mode for the

as-fabricated SLM copper samples was not a single mode but a mixed ductile-brittle mode. It was also seen that large voids

were formed on the fracture surface of the sample fabricated under the energy density of 0.35 J/mm. Such voids were the

pores that can be seen on the cross-section of the sample as shown in Figs. 7a and 8a, which were rather detrimental to the

mechanical property. However, for the heat-treated sample, necking phenomenon marked by yellow dashed line was clearly

observed as shown in Fig. 10g, suggesting the occurrence of ductile fracture. This was further confirmed by the

high-magnification fractography shown in Fig. 10h where many large dimples were found randomly distributed on the

fracture surface.
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Figure 10: Fractography of the SLM the copper samples fabricated under different linear energy densities after tensile test. (a,
b) y=0.35 J/mm, (c, d) y=0.50 J/mm, (e, f) y=0.63 J/mm, (g, h) y=0.50 J/mm after heat treatment. Left column: low
magnification images, right column: high magnification images.
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Fig. 11 describes the relationship between the microstructure and tensile behavior of the SLM copper samples before

and after the tensile test. Due to the high melting point and excellent thermal conductivity of copper, the solidification rate of

the copper molten pool is extremely high. Therefore, when the linear energy density was low (y=0.35 J/mm), defects (i.e.,

incompletely melted powders and pores) tended to form within the adjacent region of two laser track as can be seen in Figs

7a and 8a. Such defects were preferential locations for the generation of stress concentration and initiation of cracks which

then developed to cause the fracture of the tensile samples as illustrated in Fig. 11b [31]. Therefore, large voids were clearly

observed on the fractures surface of the sample fabricated under lower linear energy density as shown in Fig. 10b. When the

optimal linear energy density (y=0.50 J/mm) was applied, pores and un-melted powders were significantly mitigated. In this

case, stress concentration was more likely to occur at the surrounding area of molten pool front where a large number of

columnar dendrites were formed as also illustrated in Fig. 11b. Under higher linear energy density (y=0.63 J/mm), porosity

and the size of columnar dendrites both increased, which worked together to induce the stress concentration and crack

initiation. After heat treatment, residual strain and stress were released and grains grew due to the recrystallization, and the

possible poor bond between adjacent laser tracks can be significantly improved though diffusion. The microstructure of the

heat-treated sample was very similar to that of a wrought counterpart [20]. Therefore, the fracture mechanism shall be similar

to that for a wrought counterpart.
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321 4 Conclusions

322 In summary, copper samples were successfully fabricated thorough SLM technology in this work to study the effect of

323 laser linear energy density on their microstructure and mechanical properties. Based on the results and discussion, the main

324 conclusions are listed as follows:

325 1. The theoretical approach proposed in this work can be used to estimate the minimal linear laser energy density that is

326 required to melt the copper powders. The value was determined to be 0.074 J/mm in this work.

327 2. The parameter optimization experiments demonstrated that the optimal linear energy density for this study was 0.50 J/mm

328 which can result in the best relative density of 99.10+0.5 % and surface roughness of Ra=12.72+4.5 pm.

329 3. The microstructure of the SLM copper samples was characterized by polycrystalline grains with columnar dendrites and
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equiaxed structures dispersed inside. The grain size showed a decreasing trend as linear energy density increased due to the

improved intrinsic heat treatment effect. Heat treatment was found to significantly increase the grain size of the SLM copper

sample due to the occurrence of recrystallization.

4. Under the optimal linear energy density, the microhardness and strength (i.e., YS and UTS) of the copper sample achieved

the highest value. The mechanical properties of the sample meet the minimum requirement of wrought parts. After heat

treatment, the YS and UTS showed a sharp decrease due to the recrystallization-induced grain coarsening, while the ductility

improved significantly.
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