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Abstract: Manufacturing complex metal matrix composite (MMC) structures by laser powder-

bed fusion (LPBF) could unleash their full potential but is difficult due to the presence of 

reinforcement. Unmelted particles negatively affect the pool dynamics, cause critical spatter 

ejections, and form printing defects. In this work, by taking copper (Cu) / diamond (D) composite 

as an example for its prospective thermal management applications and machinability limitations; 

we discovered that adding steps to LPBF enables the fabrication of high-quality materials and 

structures. We demonstrated that adding a recoating step improves the composite quality compared 

to structures manufactured by conventional LPBF. Adding a remelting step enabled further 

improvement by limiting the generation of spatter and printing defects, leading to 3D laser print 

dense (97%), highly thermally conductive (349 W/m.K) and complex Cu/5 vol.% D structures. 
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Therefore, pursuing research into nonconventional LPBF could open new avenues for 

manufacturing MMCs.  

Keywords: additive manufacturing, copper, diamond, selective laser melting, metal matrix 

composites 

 

  



3 
 

1. Introduction  

Laser powder-bed fusion (LPBF) provides a unique way of fabricating intricate designs that are 

not possible by conventional manufacturing methods, thereby revolutionizing the biomedical, 

defense, and aerospace industries [1]. On the other hand, metal matrix composites (MMCs) are 

among the most promising materials for advanced applications. The combination of a metal matrix 

with a reinforcement enables the formation of materials with enhanced and tailored mechanical, 

thermal, and electrical properties [2]. To date, MMCs are manufactured by solid (i.e., powder 

metallurgy) and liquid state methods (i.e., stir casting, squeeze casting), producing simple designs, 

thus restricting their full capabilities [3]. Copper (Cu)/diamond (D) composite is an excellent 

example of an MMC, where adding D particles tailors the Cu's coefficient of thermal expansion 

(CTE) while enhancing its thermal conductivity (TC) [4]. This MMC is one of the most advanced 

materials for thermal management applications, yet its shape remains simple due to complexities 

of machining D-based materials. Therefore, merging the abilities of LPBF to create sophisticated 

designs with the outstanding properties of MMCs can unleash the full capability of the Cu/D 

materials and remodel their applications [5,6]. Nonetheless, the LPBF of Cu/D composite remains 

challenging and less explored due to the intricacy of laser three-dimensional (3D) printing of micro 

composites, the high thermal conductivity of Cu and D, and the low optical absorption of Cu in 

the infrared (IR) domain. 

The difficulties encountered in the 3D printing of micro composites arise from the significant size 

of the solid reinforcement, which plays a critical role in the densification behavior. L. Xi et al. 

showed that finer reinforcements allow manufacturing denser composites compared to a coarser 

reinforcement [7]. Micrometric particles significantly alter the transit molten pool dynamics, 

rheology, and flowability, leading to porous parts' formation [8–10]. Consequently, different 
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approaches were developed to 3D laser print MMCs via LPBF. The first approach involves 

creating a composite powder containing a metal matrix and a nano reinforcement to form a 

homogenous mixture at the microscale, allowing 3D printing of dense MMCs [11–14]. However, 

this method limits the type of MMCs to nanocomposites and cannot be generalized for Cu/D 

materials. The second approach consists of the in-situ formation of the reinforcement [15–18]. 

This technique enables the manufacturing of dense MMCs with micro/nano-sized reinforcement; 

but once again, a limited number of reinforcements can be formed during LPBF. 

Furthermore, Cu is one of the most challenging metals for 3D laser printing due to its low optical 

absorption in the near-IR and its high TC. In other words, the laser energy is either reflected or 

quickly dissipated when striking the Cu powder [19]. SD. Jadlhav, et al. reported the LPBF of 

dense (99%) and highly thermally conductive Cu parts (336 W/m.K) using a high-power laser (800 

W) [20]. However, they also noticed damage to the laser optics caused by the high IR reflectivity 

of Cu. Later, they showed that adding carbon (C) nanoparticles into the Cu matrix enhanced the 

laser absorption; but the TC of the Cu/C composite was severely degraded (164 W/m.K) [21]. 

Alternatively, the LBPF of pure Cu with low laser power (200 to 600 W) results in decreased part 

density (83 to 96%), as reported by others [22–24]. For these reasons, extensive research has 

focused on Cu alloys, which have much higher absorption in the IR domain. Among them, Cu-

chromium  (Cr) appears to be one of the most promising alloys because of its high TC (340 W/m.K) 

and improved laser absorption compared to Cu [25]. Nevertheless, the TC of the as-printed Cu-Cr 

alloys is low (<115 W/m.K) due to the dissolution of the Cr phase in the Cu matrix [26,27].  

Here,  we overcame these challenges and successfully 3D print dense, complex, and highly 

conductive Cu/5 vol.% D composites by implementing different printing strategies (i.e., recoating 

and remelting). The printing parameters (e.g., laser power, scan speed, hatch distance, etc.) are 
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well known to play a vital role in the quality and properties of the LPBF part'. Analogously, the 

printing strategy has an influence on the material characteristics but has been less explored. In 

other words, optimizing the printing parameters, along with the strategy, could open new ways to 

additively manufacture a broader range of MMCs. In our approach, the relative density of the Cu/D 

composite is increased from 88 to 92% by first adjusting the printing parameters and subsequently 

adding a recoating step, allowing the composite's TC to be increased from 236 to 327 W/m.K. 

Next, the relative density was further improved to 97% by implementing a remelting step, leading 

to the manufacturing of highly conductive composites with a TC of 349 W/m.K. Finally, the 

fabrication of sophisticated Cu/D designs was demonstrated with potential thermal management 

applications. 

2. Material and methods 

2.1. Preparation of titanium (Ti)-based interphase on diamond particles.  

Diamond particles (Eastwind Diamond Abrasives, mean diameter 25 µm) were coated using a 

graded TiO2-TiC molten salt process. For that, D particles were mixed with metallic Ti powders 

(99.5%, mean diameter 40 µm) and potassium chloride (KCl) salt (Sigma-Aldrich 99%) at a molar 

ratio of KCl:C:Ti =0.64:1:0.04. The mixture was then placed in an alumina crucible and heated in 

a tube oven filled with argon (Ar) at 850 ℃ for 4 h. After cooling down, the crucible was immersed 

in boiling distilled water to dissolve the salt. The coated D particles were then retrieved by filtration 

and air-dried in an oven at 60 ºC for 12 h. SEM micrographs of the original and coated -D are 

presented in Fig. S1a – b. The coating thickness is estimated to be about 600 to 700 nm based on 

a previous study [6]. More details of the molten salt coating can be found elsewhere [28]. 

 

2.2. Laser powder-bed fusion of Cu/D composites.  
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Coated -D particles were mixed with spherical Cu powder (US Nano, Cu 99.5%, mean diameter 

45 µm) at a volume percentage of  5% (Fig. S1c – f). The laser powder-bed fusion was carried out 

using the SLM®125 3D printer from SLM Solutions. The printer is equipped with a continuous 

wave (CW) fiber laser (IPG photonics, YLM, Yb: YAG, λ = 1070 nm) with a maximum output 

power of 400 W. The laser spot was focused to a diameter of 70 μm on the powder-bed surface. 

The printing chamber was filled with Ar (99.9%, Matheson) to reduce the oxygen level to about 

0.10%. A constant pressure of 18 mbar was maintained in the chamber during all experiments. A 

stripe laser scan strategy was used for all prints. The laser power and layer thickness were kept 

constant at 400 W and 0.03 mm throughout the study. First, the single-melting strategy was 

investigated for scan speeds and hatches ranging from 100 to 600 mm/s and 0.03 to 0.20 mm, 

respectively. Next, the recoating and remelting strategies were employed at scan speeds and hatch 

distances ranging from 200 to 450 mm/s and 0.06 to 0.12 mm, respectively. The energy density 

(J/mm3) was calculated with the following equation:  

              𝐸 =  
𝑃

𝐿𝑇×ℎ×𝑠
,                            (1) 

where P is the laser power (W), LT is the layer thickness (mm), h is the hatch distance (mm), and 

s is the scan speed (mm/s). The structures designed using SOLIDWORKS® were uploaded to the 

Materialise Magics software for parameter assignment and print job generations. The parts were 

then printed on a stainless-steel building plate (stainless steel, 123 × 123 × 25 mm3). The LPBF 

was monitored using a layer control system installed in the SLM®125 printer. Pictures of the 

ongoing printing were captured using a 12-megapixel CCD camera.  

 

2.3. Characterization of Cu/D composites.  
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The Archimedes method (Mettler Toledo AT201) was used to measure the real density of the 

samples. The relative density was calculated by dividing the real density by the theoretical one (D 

Theoretical = 8.63 g/cm3). The apparent density was measured using the open-source ImageJ software 

on SEM micrographs [29]. The microstructure of printed parts was observed using an SEM (FEI 

Quanta 200 ESEM™). The cross-sectional view of the samples was analyzed by cutting and 

polishing the Cu/D composites. The average surface roughness was measured using an optical 

surface profiler (Zygo NewView 8000). The sample's thermal diffusivity (TD) was measured using 

an advanced photothermal experiment described elsewhere [30]. The TD was carried out by 

measuring the temperature change at the rear surface when the front face was submitted to a heat 

flux with a Dirac comb waveform. The photothermal method did not require the sample surfaces 

to be coated with graphite layers to enhance the absorptivity and emissivity and thus led to more 

accurate thermal conductivity measurement. To estimate the in-plane and out-of-plane thermal 

properties, the experiment was performed within the samples' two directions. The TD was 

converted into TC using the following equation :  

𝑘(𝑇) = 𝑎(𝑇) × 𝐶𝑝(𝑇) × 𝜌(𝑇),                    (2) 

Where k is the thermal conductivity (W/m.K), a is the thermal diffusivity (mm2/s), ρ is the density, 

and Cp is the heat capacity of the sample (J/Kg.K). The effective Cp is calculated from that of D, 

TiC, and Cu that were 630, 190, and 392 J/Kg.K, respectively [31]. More information on the 

measurement can be found in supplementary information. 

 

3. Results and discussion   

3.1. Conventional laser powder bed fusion of Cu/D composites. 
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Copper and D are known as a nonreactive system with a lack of chemical affinity [32,33]. Several 

studies have indicated that the Cu-D interfacial resistance is the main parameter that governs the 

resulting TC [31]. Therefore, creating interphase between both components can allow a proper 

thermal transfer from the matrix to the reinforcement [4,34,35]. Hence, in this study, D particles 

were coated with a graded titanium dioxide – titanium carbide (TiO2-TiC) coating to enhance Cu's 

wettability on D (Fig. S1a – b) [28]. A 5 vol.% coated -D was then mixed with a pure Cu powder, 

as shown in Fig. S1 c – f. In conventional LPBF, a 3D object is printed layer upon layer by 

repeating a three-step process, as illustrated in Fig. S2: 1) deposition of a thin powder layer, 2) 

laser melting, and 3) lowering the build plate. The three-step process is referred to as the single-

melting strategy. The typical parameters to print Cu as reported in the literature, are a laser power 

(P) ranging from 200 to 1000 W, a scan speed (s) between 200 and 1000 mm/s, a layer thickness 

(LT) from 0.03 to 0.05 mm, and a hatch distance (h) from 0.05 to 0.12 mm [20,22,23,36]. Initially, 

the following parameters were investigated to print Cu/D composites: s = 100 to 600 mm/s and h 

= 0.03 to 0.12 mm. The laser power and layer thickness were fixed at 400 W and 0.03 mm, 

respectively, for all experiments.   

The ongoing printing of Cu/D composites using a single-melting strategy is presented in Fig. 1a. 

In this image, a significant number of spatter ejections appeared during the laser/Cu+D powder 

interactions (Fig. 1b), accompanied by a dense metal vapor. Spatter ejection is a common 

phenomenon in LPBF and is often categorized into two types. When the laser strikes the powder 

bed, a spheroidal molten pool is created within a few microseconds [37]. Quickly, a metal vapor 

emerges above the molten pool, inducing a recoil pressure onto the pool surface. Meanwhile, inside 

the liquid, a thermal gradient rapidly develops, producing a flow of molten metal from the hot area 

to the coldest one, known as the Marangoni effect. Both effects caused particle ejection, called 



9 
 

recoil-induced ejection, as illustrated in Fig. 1c [38]. In the meantime, a denudation zone was 

created on the molten track's sides, where powders can be swept under the flow of the metal vapor 

and the gas shield. This type of particle ejections is called entrainment particle, as illustrated in 

Fig. 1c [39]. Intuitively, micrometric particles altered the molten pool rheology, surface tension, 

and metal vapor density, as has been reported [7,40,41]. Also, a pronounced spattering 

phenomenon was observed when 5 vol.% coated -D was mixed with Cu compared to a pure Cu 

bed situation (Fig. S3a), thus confirming the negative effect of the coated -D on the molten pool. 

 

Fig. 1. Spatter ejection phenomenon during the LBPF of Cu/D composite materials. (a) Optical 

photography of spatter ejection on Cu + coated -D powder bed, (b) SEM micrographs of the Cu + 

coated -D powder bed, (c) schematic illustration of spatter ejection phenomenon in LPBF, and (d) 

illustration of the spatter effect on the printing part.  
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After ejection, the hot particles fall back into the powder bed, cool down, and partially fuse with 

the solid material (Fig. 1d). Then, during the deposition of a subsequent layer, the solidified 

particles create bumps, pores, and cavities on the part. Figs. 2a – c display the surface of Cu/D 

composites printed with low, moderate, and high energy densities of 278, 555, and 1111 J/mm3, 

respectively. As can be observed, the samples appear porous with large cavities and bumps. 

Several studies showed that laser power and scan speed are two key parameters that affect the 

number and size of spatters at constant layer thickness, pressure, and gas flow [38]. It is commonly 

accepted that a fast scan speed lowers the molten pool temperature, vapor pressure, and decreases 

the denudation zone, limiting the spatter ejection. However, all samples printed with a scan speed 

between 100 to 450 mm/s, were porous, as can be noted on the two-dimensional (2D) map in Fig. 

2d – e and Fig. S4 with a relative density ranging from 67 to 90%, depending on the energy density 

(Fig. 2f).  

Furthermore, the energy required to 3D print Cu/D composites appears more substantial than that 

for pure Cu, where an energy density of 275 J/mm3 led to a dense material (95%), as shown in Fig. 

2f [23]. The higher energy density required to print Cu/D composites compared to pure Cu is 

caused by solid coated -D into the molten Cu pool. The solid particles increased the molten metal 

viscosity and limited its ability to flow and fuse [12]. Y. Ma et al. reported the same phenomenon 

when they attempted to print aluminum-silicon /diamond (Al12Si/D) composites [9]. Alongside, 

the high energy density required to 3D laser print Cu/D generates critical back reflection of the 

laser beam because of the low Cu's optical absorption in the near-IR domain (i.e., λ = 1070 nm) 

[42]. It was noticed that when setting an energy density above 1000 J/mm3 (i.e., low scan speed < 

200 mm/s), more than 10 W is back-reflected into the laser, thus shutting it down. Consequently, 

a scan speed limit of 200 mm/s must be set to prevent damage to the laser optics and to the laser 



11 
 

itself. Hence, the maximum relative density which can be reached using a single-melting is about 

88%. As a result, the LPBF of Cu/D composites raises several issues. The micrometric coated -D 

induces spattering, and Cu reflectivity in the IR domain limits the scan speed to 200 mm/s.  

 

Fig. 2. Microstructure, quality, and relative density of Cu/D composite materials printed using the 

conventional LPBF (i.e., single -melting strategy). SEM micrographs of Cu/D surfaces printed 

with an energy density of (a) 333, (b) 533, and (c) 1111 J/mm3. (d) illustration of parts' quality, 

(e) 2D map of the parts' quality as a function of the laser scan speed and hatch distance using the 

melting strategy, and (f) Cu/D relative density vs. energy density. 
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3.2. Effect of printing strategies on density, quality, and microstructure of Cu/D 

materials. 

To overcome these limitations, a recoating and remelting strategies were implemented in the 

LPBF. The recoating strategy aims to fill the pores by repassing the recoater on the same layer and 

shining the laser a second time. It involved a five-step process, as illustrated in Fig. S5: 1) 

deposition of a thin powder layer, 2) laser melting, 3) redeposition of thin powder layer, 4) laser 

melting, and 5) lowering the build plate. On the contrary, the remelting strategy has for objective 

to suppress printing defects, fill pores, and smoothens the surface by shining the laser twice on the 

same layer. This approach included a four-step process, as shown in Fig. S6: 1) deposition of a 

thin powder layer, 2) laser melting, 3) laser remelting, and 4) lowering the build plate. Metal matrix 

composites were then printed with different strategies and printing parameters. They were 

qualitatively categorized into porous, dense, and cracked, represented by the black, blue, and red 

circles in Fig. 2d. Photographs of the composites printed are included in Fig. S7 and S8.  

The process map using the recoating strategy is shown in Fig 3a. As can be noted, fast scan speeds 

and large hatch distances led to porous surfaces. In contrast, slower speeds and smaller hatch 

distances (i.e., high energy density) generated cracked samples as a result of critical thermal 

gradients [43]. The same tendency was observed when the remelting strategy was used to print 

Cu/D composite materials; but a small process window was found for scan speeds of 200, 250, 

300, and 350 mm/s with hatch distances of 0.12, 0.1, 0.8, and 0.6 mm, respectively (Fig. 3b). 

The relative density of the Cu/D composite as a function of the energy density is shown in Fig. 3c. 

The remelted MMC with an energy density ranging from 500 to 700 J/mm3  were the densest with 

a relative density of 97%. Next, the recoated Cu/D composite had a relative density of 92%, 

followed by the single melted sample with 88%. In addition, Fig. 3d displays the Cu/D composites' 
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relative density printed at a fixed hatch distance and using different printing strategies and scan 

speeds. As can be noted, the sample relative density decreased with faster speeds, a consequence 

of an insufficient flow and fusing of Cu. These observations imply that the scan speed must be 

sufficiently slow to have an adequate flow of the molten metal but must be fast enough to avoid 

critical back reflection (< 200 mm/s). 

The high relative density achieved using the remelting strategies can be explained by different 

phenomena during the printing. Layer thickness is a crucial parameter in spatter generation, as 

demonstrated by C. Qiu et al. [44]. They showed that when the layer thickness increased from 20 

to 100 μm, the spatter and metal vapor increased and induced large pores, discontinuous laser 

tracks, and cavities on sample surfaces. Surface maps and average surface roughness (Ra) of 

printed Cu-D composites with different printing strategies are presented in Fig. S9. It is noticed 

that the Cu/D composites printed with a single melting and recoating strategies have numerous 

defects and are significantly rough with a Ra of 130 and 85 μm, respectively (Fig. S9a-b). 

Naturally, holes, pores, and bumps alter the layer thickness, affecting the pool dynamic, thus 

promoting spatter ejection. Also, a rough surface induces a laser focus shift and inhibits its ability 

to melt the powder accurately [45]. Both effects combined or separately, can explain the formation 

of porous microstructures with the single-melting or recoating strategy, as illustrated in Fig. 3e – 

f.  

In contrast, the remelting strategy produces smooth (Ra = 25 μm) and dense samples in the process 

window, as shown in Fig. 3g and Fig. S9 c-d. Several studies have demonstrated that the remelting 

of each layer allows the suppression of printing defects, filling pores, and smoothing the surface, 

as shown in Fig. 3g. W. Yu et al. show that the remelting of printed AlSiMg alloys allows 

decreasing the surface roughness for 21 to 10 μm [46]. E. Yasa et al. reported that shining the laser 
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twice on a stainless steel layer improves the final material's surface finish from 12 to 1.5 μm and 

reduces its porosity from 0.8% down to 0.04% [47]. R. Li. et al. demonstrated that a remelting 

approach allows to melt and incorporate printing defects into the printed layer [48]. Hence, the 

remelting appears to be beneficial to print metallic parts and certainly to print MMCs.  

 

Fig. 3. Comparative study of Cu/D composites quality and relative densities printed using the 

single-melting, recoating, and remelting strategies. (a) 2D map of the part quality as a function of 

laser scan speed and hatch distance using recoating, and (b) remelting strategies; (c) Cu/D relative 

density vs. energy density; (d) Cu/D relative density as a function of scan speed ( h= 0.10 mm); 

and (e) illustration of Cu/D composites surfaces when using the single-melting, (f) recoating, and 

(g) remelting strategies.  

Furthermore, to get more insight into the influence of the printing strategies on the powder bed 

and composite qualities, in-situ monitoring of the LPBF was carried out using the layer control 

system (Fig. 4 a). Note that the images allowed observing only significant particles representing a 
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small amount of the spatter ejection but were the most likely to have influenced the printing quality 

(Fig. S3). S. Ly et al. reported that the size of the recoil-induced particle ejections (i.e., molten 

pool) was larger than the raw powders, while entrainment particles had a similar size [39]. Hence, 

the large particles observed here may have originated from an instability of the molten pool 

induced by the coated -D. As can be seen in Fig. S10, the molten pools have a comparable size 

with the D particles (Fig. S1b) for all printing strategies. Note that the scan speed and hatch 

distance were fixed to 250 mm/s and 0.10 mm, respectively, for the rest of the study. 

The powder-bed pictures after the coating of a new layer at different stages of the printing using 

the single-melting strategy are presented in Fig. 4b. As can be seen at the beginning of the print 

(Layer 10), the powder bed was flat, uniform, and without defects. Next, when the number of 

layers increased (Layer 60), large white particles appeared on the bed surface. Later, they 

disappeared (Layer 110), and the printed part emerged, with particle-like features at the surface. 

The fading away of the large particles after 110 layers was due to their absorption inside the bed 

and incorporation into the printed part, causing the part's roughness (Ra ~ 130 μm). At the end of 

the print, the Cu/D composite materials appear rough and porous (d= 88 %)  as shown Fig. 4e. 

When using the recoating strategy, the bed was uniform at the beginning of the print; then, 

significant spatter appears when the LPBF went on, as displayed in Fig. 4c. The recoating filled 

some pores by redepositing powders and applying the laser a second time. Nonetheless, a more 

considerable amount of powder was deposited on each layer, leading to an increased number of 

spatter ejections. Finally, the part showed an improved surface (Ra ~ 85 μm); but the pores 

remained as observed in Fig. 4e (d= 92 %). In contrast, only a few spatter particles were found on 

the powder bed with the remelting strategy (Fig. 4c), leading to 3D laser printing of smoother (Ra 

~ 25 μm) and denser composite structures (d= 97 %) as presented in  Fig 4e. 
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Fig. 4. Effect of the printing strategy on the powder-bed and composites qualities. (a) Illustration 

of the layer control system in the SLM® 125 printer. (b) Images of the powder bed after coating a 

new layer using the melting, (c) recoating, and (d) remelting strategies. (e) photos of the printed 

part. The printing parameters were fixed to s = 250 mm/s, h = 0.1 mm, P = 400 W, and LT = 0.03 

mm.  

Next, the microstructures of the previously printed samples (s = 250 mm/s, h= 0.10 mm) were 

studied along the building direction to further comprehend the role of the printing strategy on the 

layer-upon-layer manufacturing of Cu/D composites (Fig. 5a). The microstructure of the Cu/D 

composite printed using the single-melting strategy is presented in Fig. 5b. The sample shows 
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pores, cavities with sizes up to 500 μm, and partially fused powder. The presence of these printing 

defects was expected, considering the previous observations. Undoubtedly, adding a new layer on 

a high defect Cu/D surface led to uneven powder dispersion. Thus, the defects remained during 

the printing, contributing to the low-density microstructure formation with an apparent density of 

about 80 %. Fig. 5c shows the microstructure of the sample printed using the recoating strategy. 

The sample appeared denser compared to the single-melting approach with an apparent density of 

about 88%, but pores remained with size up to 200 μm. As mentioned previously, the recoating 

approach allowed pores and cavities to be filled during the LPBF by adding a new powder layer 

and shining the laser a second time. Nevertheless, spatter ejection continued, adding defects to the 

composite material. Thus, a partially dense sample was obtained, as shown in the SEM 

micrographs. Fig. 5d displays the microstructure of the sample printed using the remelting 

strategy. The sample cross-section and surface are dense with an apparent density of about 98 %, 

and only a few pores can be observed with size up to 50 μm. These observations confirmed the 

advantages of using the remelting printing strategy to manufacture dense microcomposites. 
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Fig. 5. Microstructural study of Cu/D composites printed with different printing strategies. (a) 

Illustration of the Cu/D composite areas observed. (b) SEM micrographs of the part printed using 

a scan speed of 250 mm/s and a hatch distance of 0.10 mm using the single-melting, (c) recoating, 

and (d) remelting strategies. 

3.3. 3D printing of complex Cu/D composites for thermal management applications.  

The TC of the as-built Cu/D composites printed with the different printing strategies (s = 250 mm/s 

and h= 0.10 mm) was measured using the photothermal method and is presented in Fig. 6a. More 

information on the TC measurement can be found in Fig S9. The single melted Cu/D composite 

had a low TC of 236 W/m.K. This result was expected considering its low relative density. Next, 

the samples printed using the recoating strategy showed improved thermal performance with a TC 

of 327 W/m.K. Finally, the MMC printed using the remelting strategy showed a high TC of 349 
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W/m.K. These measurements match the previous density and microstructural analyses. In addition, 

it is worth mentioning that the TC of the as-built remelted Cu/D composite was higher than the 

one reported for as-built pure Cu (336 W/m.K) and the as-built Cu-Cr alloy (112 W/m.K), both by 

LPBF [20,25].  

Copper/D composite materials are commonly referred to as the next generation of thermal 

management materials for microelectronic applications (Fig. 6b). Heat sinks require a high surface 

area to enhance heat dissipation, to be realized by intricate designs. However, sophisticated designs 

are challenging to achieve on D-based materials due to the presence of D particles [5]. On the other 

hand, Cu has a high density (8.93 g/cm3), limiting its thermal management applications as 

compared to aluminum (Al, 2.7 g/cm3), which is often preferred for its lightweight. Nevertheless, 

LPBF offers the possibility of fabricating efficient and lightweight Cu/D heat sinks by forming 

intricate and architectural objects. In a recent report, M. Wong et al. showed that the heat 

dissipation of a D-structure made of Al alloys was 60 % more efficient than an array heat sink 

while being lightweight and strong [49–51]. In the same manner, honeycomb structures are well-

established as effective and lightweight heat dissipators [52]. Therefore, combining these shapes 

with the excellent thermal properties of Cu/D materials could improve their thermal performance 

by increasing the surface area while enhancing their attractiveness by lowering the weight. Fig. 6c 

shows a photograph and SEM micrographs of a dense and highly complex D-structure with 

dimensions of about 3.5 × 3.5 × 1.5 cm3 manufactured using the optimized printing parameters 

(i.e., remelting, s = 250 mm/s, h = 0.1 mm). Note that the structure was sandblasted to remove the 

residual particles on sidewalls. Next, three honeycomb objects were additively manufactured with 

filling percentages ranging from 40 to 60%, as presented in Fig. 6d.  
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Fig. 6. Thermal performance and utility of complex Cu/D structures. (a) Thermal conductivity of 

Cu/D composites printed with the melting, recoating, and remelting strategies at  s = 250 mm/s 

and h = 0.10 mm. (b) illustration of Cu/D composites for microelectronic applications, (c) 

photograph and SEM micrographs of a D-lattice structure, and (d) honeycomb structures.  
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4. Conclusion  

In summary, by adding new printing steps in LPBF (i.e., remelting), we demonstrated the 3D laser 

printing of dense (97%), complex, and high TC (349 W/m.K) Cu/D composites. Studying the 

effect of the single-melting, recoating, and remelting strategies on the powder-bed quality and 

composite characteristics shows the prospective benefits of adding new steps to 3D laser printing 

of high-quality microcomposites. We expect that developing new printing strategies for LPBF 

could open new avenues to laser 3D print a broad range of MMCs that is not possible today. 

Thereby, unleashing their full potential, as demonstrated on a Cu/D composite, for thermal 

management applications. In particular, the ability to design complex Cu/D parts as the most 

efficient thermal structures could significantly enhance their thermal performance, lower their 

density, and thus increase their attractiveness for advanced thermal management applications.  
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