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Abstract. Selective laser melting (SLM) is one of the most popular additive manufacturing (AM) technologies for the 

manufacture of metal parts from a CAD representation. One investigation of interest in this field is the fabrication of 

copper components. In this study cube specimens were manufactured with varied parameters, in terms of layer 

thickness, scanning speed and remelting. The investigation aimed to obtain the highest consolidation for copper, a 

difficult material to process due to its high thermal conductivity and lower laser absorption coefficient. The best 
parameters of processing were obtained by using an energy application between approximately 50 and 300 J/mm3. The 

results showed that a higher energy application produced warpage, and a lower application of energy resulted in non-

densified specimens. The specimens were characterized by evaluating their hardness and microstructure. The results 

were analyzed under ANOVA method, which showed a weak correlation between consolidation and hardness, while 

the analysis of the microstructure supported the low mechanical properties obtained with the samples if compared to 

solid pure copper.  
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1. INTRODUCTION  

 

Additive Manufacturing (AM) has significantly emerged in the last three decades as an alternative process of 
manufacturing in which material is joined together to create objects from a 3D model data, usually layer upon layer 

(ASTM International 2015; Kruth et al. 2007; Thompson et al. 2015). Among these techniques, Selective Laser Melting 

(SLM) has shown a high potential in rapid manufacturing due to its capability of generating serial products with 

reproducible properties (Drummer et al. 2012). SLM technique uses one or more lasers to manufacture 3D parts by 

fusing or sintering powder on a fixtureless table, layer by layer, according to their CAD representation (ASTM 

International 2015; Bourell et al. 2014). It offers other advantages, such as flexibility, cost reduction, extended part/tool 

life and it may increase surface resistance to wear and fatigue as well as reduce environmental impacts. Furthermore, in 

comparison to other AM systems, SLM can manufacture complex and unique parts in a quite wide range of materials, 

including metals, even though limitations are still visible (Bourell et al. 2014). 

According to previous literature, copper samples were hard to manufacture by SLM and did not obtain full density 

(D. Gu et al. 2007; Lykov P.A., Safonov E.V. 2016; Popovich et al. 2016; Tang et al. 2003; Zhu, Lu, and Fuh 2003). 
The authors claim that both copper high thermal coefficient and high reflectivity are the main reasons which prevent 

achieving high consolidation, therefore better mechanical performance (Lykov P.A., Safonov E.V. 2016; Popovich et al. 

2016; Tang et al. 2003; Zhu, Lu, and Fuh 2003). However, Lykov P.A. et al (2016) and Vinod A.R. (2014) concluded 

that by applying lower scan speed and higher laser power, which result in higher energy application, may improve 

relative density of copper samples (Lykov P.A., Safonov E.V. 2016; Vinod and Srinivasa 2014). If a good density of 

copper is achieved by SLM, this material can be used to produce heat pipes, mold inserts, electrodes and aviation and 

military devices (Liu et al. 2014; Popovich et al. 2016; Vinod and Srinivasa 2014). 

Lykov P.A. et al. (2016) and Vinod A.R. (2014) performed the experiments with the assistance of a CO2 laser, 

known to have a wavelength range close to 10.6 µm (Santos et al. 2006), thus ten times larger than the wavelength best 

absorbed by metals. To better understand the behaviour of this material the present work used fiber laser to manufacture 

pure copper powder by SLM. It aimed to achieve a maximum density, taking into account the machine power limit 
output of 94 W in order to obtain a high mechanical performance. The specimens’ characterization included 

consolidation, Scanning Electron Microscopy (SEM) analysis and the evaluation of microstructure and hardness.  

 

2. EXPERIMENTAL METHOD 

 
2.1. Copper powder characterization 

 
Copper powder from Combustol Metalpó was selected for this study. This powder is typically used to manufacture 

sintered heat pipes, and is obtained by moulding of uniaxial compression . EDX analysis was performed in a JEOL 

JSM-6390LV machine with 15.0 kV of accelerating voltage.  As depicted in Figure 1, the powder analyzed showed a 

composition of approximately 93% of copper with some impurities identified in the energy-dispersive x-ray 

spectroscopy (EDX) as carbon (5%), oxygen (1%) and aluminum (1%)   
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Figure 1: EDX of the copper powder studied. 

 
A Cilas 1190 machine was used to evaluate the particle size distribution. The powder has an average particle size 

distribution of 41.66 µm and presented the histogram of the particles distribution showed in Figure 2. 
 

 
 
 

The particles were also taken to SEM analysis. Figure 3 shows a quite heterogeneous structure of particles, typical 

from water atomization process. The particles are not round and even though the particle size distribution analysis 

shows a Gaussian distribution, it is visible that a few particles can achieve a size up to 200 µm while the majority 

presents a diameter close to 50 µm. This morphology suggests that it can compromise the process, preventing good 

flowability of the powder over the building area. The energy required may be necessary to increase due to the size of 

some particles, which might need more energy to sinter and consolidate into a solid structure.  

The powder was taken to flowability test, which was performed with the assistance of a Hall funnel according to 

ASTM B213-13 (ASTM International 2013). The powder did not flow as desired, remaining on the funnel. In order to 

enable the process, a helical system was coupled in the machine to push the powder forward until it falls on the 

dragging system (see Figure 4).  
 

 
 

Diameter in 10% 17.72 µm 

Diameter in 50% 39.23 µm 

Diameter in 90% 69.23 µm 

Average diameter 41.66 µm 

Figure 2: Particle size distribution of the copper powder used in the study. 
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Figure 4: Helicoidal system used to spread the powder in the study. 

 
2.2. SLM Machine 

 

 The SLM machine used was a non commercial machine, containing a powder deliver and distribution system, 

a building chamber containing a stainless steel platform (substrate) and a fiber laser of 94 W of power output, 1.06 µm 

and capable of scanning speeds up to 7000 mm/s. All the atmosphere during the building process is controlled with 

argon, so that no more than 0.5% of oxygen is found during operation. To facilitate the use of copper powders, the 

deliver system is equipped with a funnel containing a helicoidal system, as already shown in Figure 4. 

2.3. Specimens dimensions and parameters of fabrication 

 
Cube specimens with dimensions 10x10x5mm were manufactured. The parameters were selected according to 

literature, taking into account density of energy and scanning speed. The minimum scanning speed found in literature 

for copper alloy manufactured by SLM was used by Lykov P.A et al (2016) and Gustmann T. et al (2016), and is 100 

mm/s (Gustmann et al. 2016; Lykov P.A., Safonov E.V. 2016). However, Lodes M. A. (2015) applied scanning speeds 

up to twenty times higher (Lodes, Guschlbauer, and Korner 2015). The density of energy was also variable: from 40 

J/mm3 (Zhu, Lu, and Fuh 2003) to 300 J/mm3 (Lodes, Guschlbauer, and Korner 2015). These works used a power 

output range from 50 W (Gustmann et al. 2016) to 400 W (Popovich et al. 2016). The lack of power was balanced by 

applying lower scanning speeds according to Eq. (1), which has been used many times in literature (Berzins, Childs, 

and Ryder 1996; Childs et al. 1999; Childs and Tontowi 2001; Franco, Lanzetta, and Romoli 2010; D. D. Gu et al. 

2012; Hon and Gill 2003; Schmidt, Pohle, and Rechtenwald 2007) and suggests the relation between the machine 

parameters and energy application as, 

 
 

                           (1) 

         
           

in which: 

Figure 3: SEM analysis of copper powder; (a) 95x (b) 300x of magnification 
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VED = Volumetric Energy Density (J/mm3); 

P = Laser power (J); 

v = Scanning speed (mm/s); 

h = hatch distance (mm); 

s = layer thickness (mm). 
The analysis of variance method was used to select the initial parameters and determine the minimum and 

maximum energy required for copper specimens’ production. Firstly, 30 different combinations of parameters were 

selected by varying scanning speed, from 20 to 200 mm/s, layer thickness (0.075 mm or 0.1 mm) and the remelting 

technique (no remelting, remelting once, remelting twice). The parameters limits chosen took into account literature 

review, especially the material, upper and lower limit of scanning speed and total volumetric energy density. The 

remelting technique was applied because few studies have explored the reapplication of energy on the same layer 

(Gustmann et al. 2016; Popovich et al. 2016; da Silva et al. 2016) and the results have proved to be an alternative 

solution for good consolidation and mechanical results achievement (da Silva et al. 2016), especially if power output is 

constrained. In this study, the remelting once or twice was evaluated, respectively, as twice and three times the 

volumetric energy applied according to Eq. (1), even though it might not be equivalent. For all specimens the power 

selected was 94 W and the hatch distance was 0.1 mm, since similar values were used frequently in literature to 
manufacture copper powder by SLM process (Gustmann et al. 2016; Lodes, Guschlbauer, and Korner 2015; Lykov 

P.A., Safonov E.V. 2016; Popovich et al. 2016). 

Some combination of parameters did not produce specimens due to the high amount of energy applied, causing 

warpage as a result of high cooling rate. Energies above 290 J/mm3 and below 47 J/mm3 did not produce completed 

specimens; similar results were found in literature (Gustmann et al. 2016; Liu et al. 2014; Lodes, Guschlbauer, and 

Korner 2015; Lykov P.A., Safonov E.V. 2016; Popovich et al. 2016; Vinod and Srinivasa 2014). The volumetric energy 

density excluded 12 combination of parameters from the DOE, remaining 18 combinations to be evaluated by means of 

consolidation, microstructure and hardness. The combinations are given in Table 1. 

 

Table 1: Combination of parameters used in each specimen of the DOE. 

 

Sample Scanning Speed (mm/s) Layer thickness (mm) Remelting(1) Volumetric Energy Density 

(J/mm³) 

1 155 0.075 0 80.86 

2 65 0.1 1 289.23 

3 200 0.1 2 141 

4 110 0.075 0 113.94 

5 110 0.1 2 256.36 

6 200 0.075 1 125.34 

7 200 0.1 1 94 

8 110 0.1 0 85.45 

9 200 0.075 2 188 

10 155 0.075 1 161.72 

11 155 0.1 2 181.94 

12 65 0.075 0 192.82 

13 110 0.1 1 170.91 

14 155 0.1 0 60.65 

15 155 0.1 1 121.30 

16 65 0.1 0 144.62 

17 200 0.075 0 62.67 

18 200 0.1 0 47 
(1) Remelting number refers to the number the scan passes in addition to the usual scanning count. 

2.4. Consolidation 

 
Initially the method used to measure consolidation was Archimedes. However, due to high porosity found in many 

of the specimens, water was permeating the interstitial porous even when grease was used to cover the surface. It was 

then decided to apply the volumetric method to measure consolidation. A Mitutoyo digital caliper and a Sagar digital 

lab scale were used. All the specimens were measured in the same day in order to reduce systematic errors.  

2.5. Microstructure 
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Six specimens were taken to SEM analysis. The equipment used was a JEOL JSM-6390LV microscope. The same 

specimens were also taken to optic microscopy and were etched according to ASTM No. 30, an ammonia solution, in 

order to evaluate the grain size and general microstructure. A Leica DM4000 M LED optical microscope was used to 

analyze the microstructure. 

2.6. Hardness 

 

To measure hardness, an Emco-Test hardness testing equipment was used with pre-load of 31.25 N and principal 

load of 306.56 N. Brinell method was chosen due to the heterogeneities of the samples, which could give a very 

different result in different locations. Brinell method applies the force in a bigger area, collecting a more realistic result. 

 
3. RESULTS AND DISCUSSION 

 
Figure 5 shows some copper specimens under manufacture and adhered to the substrate. 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

  (a)       (b) 

 

 

The specimens adhered slightly to the substrate, possibly as a result of low interaction between copper and stainless 

steel, the material of the substrate. Z.H. Liu et al. (2014) showed a narrow diffusion zone for copper alloy and stainless 

steel, even at high temperatures (Liu et al. 2014). By applying some energy in order to heat the substrate before 

applying the first layer of copper powder it was possible to achieve a better adhesion, therefore completing the 

specimens manufacture without dragging them out of the platform. Table 2 shows the volumetric consolidation 

obtained for the specimens manufactured in this study. 
 

Table 2: Consolidation of copper specimens 

 

Sample Volumetric Energy Density (J/mm³) Consolidation (%) 

1 80.86 47.72 

2 289.23 47.33 

3 141 46.58 

4 113.94 48.91 

5 256.36 45.19 

6 125.34 45.95 

7 94 43.41 

8 85.45 44.03 

9 188 45.71 

10 161.72 48.01 

11 181.94 43.35 

12 192.82 48.57 

13 170.91 47.09 

Figure 5: Specimens of copper; (a) Under manufacture, (b) adhered to the substrate (stainless steel). 

(1) (2) 
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14 60.65 43.24 

15 121.3 44.87 

16 144.62 47.27 

17 62.67 46.65 

18 47 42.66 

 
Specimen 4 has presented the best consolidation with approximately 51% of porosity. The energy applied in this 

specimen was intermediate and a bit lower when compared to the energy applied in literature for copper material 

(Lodes, Guschlbauer, and Korner 2015; Lykov P.A., Safonov E.V. 2016; Popovich et al. 2016). Similar densification 

was achieved with other energies, such as for specimens 10 and 12, concluding that parameters with an energy 

application between 100 and 200 J/mm3 resulted in better consolidation.  

Some parameters, however, seem to influence more on the densification than others. The DOE analysis shows that 

a remelting might contribute to particle densification, however, a double remelting may interfere in the material 

capability to densify. The other two parameters performed an expected result when considering Eq. (1) - lower scanning 

speeds tend to increase density, while a layer thickness of 0.075mm showed better results than a layer thickness of 

0.1mm. The DOE plot for main effects on densification is shown in Figure 6. 

Main Effects Plot for Densification

43

44

45

46

47

D
e
n

s
if

ic
a
ti

o
n

Scanning Speed

20.0 200.0

Re-melting

0 1 2

Layer Thickness

0.075 0.1

 
 

Evaluating the influence of each parameter and the combination of parameters through Pareto Chart (Figure 7), it is 

possible to conclude that the combination has a more relevant effect than the parameters themselves. Scanning speed 

and remelting have shown a major importance on densification, followed by the combinations of layer thickness and 

remelting. Remelting is the main single parameter on densification, followed by scanning speed, and lastly, layer 

thickness.   

Figure 6: Main effects plot for densification of copper. 

Pareto Chart for Densification

0 2 4 6 8 10 12

Contribution to variation (%)

AA

AC

C:Layer Thickness

A:Scanning Speed

B:Re-melting

BC

AB Sig. at 5%

Not sig.

Figure 7: Pareto Chart for copper specimens. 
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In previous literature the main parameters of influence were usually power output (Gustmann et al. 2016; Tang et 

al. 2003) and scanning speed (Gustmann et al. 2016; Vinod and Srinivasa 2014). This study has shown that remelting 

also has an important role on consolidation and must be explored more deeply. 

The specimens were taken to SEM analysis in order to evaluate general layer consolidation and direction of 

welding. The samples selected were 2-4, 6, 12 and 18 (Figure 8). Samples 2 and 18 were chosen in order to compare 
maximum and minimum energy applied, respectively; samples 6 and 12 were analyzed in order to compare minimum 

and maximum scanning speed applied; sample 3 was chosen with the aim to compare the remelting application with 

sample 18; and sample 4 was picked because it obtained the highest consolidation among the samples.  

 

 
The samples showed a very porous structure with difficulties on completing melt. This can be explained by 

analyzing copper powder SEM images – the powder was water atomized, therefore does not present a round shape. This 

lack of roundness of the particles also explains the behavior of powder flowability on the layer bed during manufacture. 

Particles with heterogeneous shape require different energies in different regions of each sample, in addition to the need 

for higher energy to complete melting due to a larger surface area. In sample 2 it is possible to see a weld direction 

behavior in a short length of the structure. The other samples, however, presented a quite heterogeneous and porous 

structure. Every sample taken to SEM analysis presented necks, but it is more visible in specimens 2, 3, 4 and 12. 

Samples 6 and 18 presented more loose particles, which can be easily removed if a mechanical force is applied.   

Figure 8: SEM analysis of six copper specimens, 50X. 
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SEM images agree to the consolidation analysis results – the samples are very porous, and a higher energy output is 

needed in order to obtain a better consolidation. It is also important to highlight copper reflectivity behavior even when 

fiber laser light is applied – this metal reflects 41% of the energy applied when a laser beam of wavelength equal to 1.06 

µm is applied; if a wavelength of  10.6 µm (CO2 laser) is used, copper reflects 74% (Santos et al. 2006). 

Samples 2, 3, 12 and 18 were also taken to microstructure evaluation by using optic microscopy. Figure 9 and 
Figure 10 show the images obtained, respectively, before and after etching.  

 

 
 

 
 

 
 

 
 

Figure 10: Microstructure of copper samples after etching. 

Figure 9: Microstructure of copper samples before etching. 
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The specimens appear to be more consolidated when analyzed by optic microscopy. This is due to sample 

preparation, which dragged loose particles to the top of previous layers. Even with particle dragging, some pores are 

still visible in the structure, which also compromise the mechanical properties. The grains have heterogeneous size with 

a maximum length of 300µm. A few pores are visible between layers, which support the lack of energy applied in order 

to melt the previous layers and build one single structure. Pores are also visible along the same layer, probably as a 
result of particle heterogeneity and low energy application. 

The same specimens taken to SEM analysis were also taken to hardness evaluation. The results are shown in 

Figure 11. 

 

 
 

Figure 11: Hardness achieved for copper specimens. 

 

 The specimens’ hardness are quite low if compared to the usual soft copper hardness of 43HB. The Brinell 

method was used in order to reduce the influence of structure heterogeneity, even though some specimens presented a 

quite high standard deviation, such as specimens 3 and 4. These specimens also showed the greatest hardness of all the 

specimens under evaluation. They achieved approximately 42% of the original hardness, while specimen 12 has shown 

the lowest hardness of 10.77 HB, correspondent to 25% of copper general hardness.  

 

4. CONCLUSION 

 

As mentioned in literature, some difficulties were found to process copper by SLM due to its high reflectivity and 

thermal conductivity. The parameters chosen have influenced the final mechanical performance and consolidation. The 

remelting technique proved to have an important role in specimen consolidation, increasing densification when applied 

once, but decreasing it when applied twice. The 94 W fiber laser used to apply the necessary energy to melt the copper 

powder proved to be insufficient. The final performance of all the specimens were quite low – all the specimens 

presented more than 50% of porosity, concluding that more energy and power output is needed to process copper by 

SLM. Finally, the mechanical performance has found to be low. This result could be predicted since the samples did not 

show a good consolidation. Even though similar results were achieved, it was still possible to find a correlation between 

the parameters applied and the results obtained. The hardness has shown a weak correlation of 0.4072 with the 

specimens’ final consolidation.  
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