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ABSTRACT: Selective laser melting (SLM) is a layer manufacturing process to fabricate 3D complex and functional parts directly from powder material. During the process, successive layers of powders are completely melted and consolidated by the energy of a high intensity laser beam. The process is capable of producing high-density parts having mechanical properties comparable to those of bulk materials. On the other hand, one of the major problems encountered in SLM is the poor surface quality. The high roughness of SLM (Ra typically 10-30 µm for iron-based powders) is a limitation of the process, among others for micromachining applications. In this study, the roughness enhancement in SLM is achieved by means of Selective Laser Erosion (SLE) and re-melting. SLE is a process to remove material mostly by evaporation due to the heat provided by the incident laser beam working in pulsed mode. In addition to SLE, laser re-melting of the top layer(s) is applied for titanium and stainless steel powders. Different scanning strategies and parameter sets are investigated for an optimized surface quality in terms of average and total roughness values. 
1 introduction

The first Rapid Prototyping (RP) techniques became available in the late 1980s and were used to manufacture parts and prototype parts within a very short time [17]. Today, they are used more commonly and for a much wider range of applications. A shift of RP to Rapid Manufacturing (RM) has come up due to the technical improvements of layer manufacturing processes including Selective Laser Melting (SLM). The processes are no longer used only for prototyping and visual concept models but also for real manufacturing applications in many fields including biomedical, aerospace and automotive industries (Figure 1). SLM is a layer-wise material addition technique that allows complex 3D solid model production by selectively consolidating successive layers of pre-deposited powder, each corresponding to a particular slice from the CAD model. The consolidation is accomplished by the thermal energy supplied by a focused and computer controlled laser beam. For the production of functional metallic prototypes, parts or tools, a high part density is desired and this can be obtained from SLM without any post-processing steps [18]. The other competitive advantages of SLM include geometrical freedom, mass customization and material flexibility [19]. Figure 2 illustrates the SLM process [25]. 
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Figure 1. Sample parts produced by SLM a) internal cooling 
channels b) oral implant.
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Figure 2. The working principle of the SLM process  A)Pre-
process data file preparation B)SLM process  C)Post-process 
removal of the part (modified from [25]).
Many research groups investigate several aspects of the SLM process. Regarding material aspect of the process, various ferrous powders have been investigated by processing them by SLM [6]
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[23][26] [28][33][50]. Non-ferrous powder materials are also used in SLM for medical and aerospace applications  [1][2][34]
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[43][47]. Parametric study of the process has been conducted experimentally to find the optimum process and laser parameters for improved mechanical properties [7]

 REF _Ref199058356 \w \h 
[35][45][52][53] whereas some researchers focus on physical modelling of the process together with experimentation [8][55]. 

[image: image51.jpg]


[image: image3.jpg]PICTURE OF LM MACHINE WHERE
SOME OF THE TESTS WERE
CONDUCTED





Figure 3. Equipment used in the experiments.
Although SLM provides many advantages, it still has some major drawbacks such as insufficient surface quality (Ra values of 10-30 µm for iron based powders [18]). In order to overcome this problem, a variety of surface modification technologies are available in the market including mechanical processes (machining and abrasive sandblasting), chemical processes (acid etching and oxidation) and thermal processes (plasma spray) [4]. Laser remelting is a valuable alternative to these techniques being a clean and reproducible process with a good controllability of the variables involved in the process. Generally, laser remelting is performed to improve the material surface properties such as microhardness [16]
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 \* MERGEFORMAT [49], friction and wear behaviour [10][16]
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 \* MERGEFORMAT [56], corrosion resistance [37][51], bio-integration [42], wettability [13]
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 \* MERGEFORMAT [21]
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 \* MERGEFORMAT [40], surface quality [14][24]
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 \* MERGEFORMAT [40] for different materials including metals, polymers and ceramics [13] with different laser sources (Nd:YVO4, Nd:YAG, CO2). Laser remelting is also used to repair/prevent surface cracks [12]
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 \* MERGEFORMAT [41], to modify the microstructure [4]
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 \* MERGEFORMAT [49] or for surface alloying [9]
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 \* MERGEFORMAT [39]. Mathematical modelling of the laser heating process with a pulsed laser source applied on solid parts has also been conducted examining the heat transfer mechanism, including conduction, phase change and convection processes [54]. Some other work has focused on experimental mathematical modeling of laser interaction with material, combining experimental techniques with theoretical approach of dimensional analysis [22]. None of the studies mentioned here concentrates on laser surface remelting after Selective Laser Melting or any RP/RM technique. In this study, surface laser remelting (SLR) is applied on the last layers of the parts produced by Selective Laser Melting as a finishing process and by the same laser on the same machine without any fixation problem. 

This study also applies Selective Laser Erosion (SLE) to SLM stainless steel parts in order to investigate if it can provide an enhancement in the surface quality when it is used before a laser remelting step. Selective Laser Erosion is a layer manufacturing technique applying material subtraction rather than material addition. Due to the pulsed mode of the laser beam, high peak laser powers are obtained, facilitating material evaporation. Laser erosion has found great interest in industry especially in the field of laser marking but will be used here only for the purpose of improving surface finish in SLM. 

In recent years, laser marking studies conducted with different lasers have been reported by many researchers. They found that mark quality (mark depth, width and mark contrast) was highly affected by the pulse frequency [30]. Tam, et al. [36], and Tezuka and Yoshikawa [38] studied the laser marking of integrated circuit packages with pulsed Nd:YAG laser and Q-switched YAG laser, respectively. Extensive research was conducted for the laser marking of polymers by Hoffmann et al. [15] and by Bosman [3]. Valette et al. investigated the enhancement of corrosion resistance of laser marked surfaces in surgical applications using a femto-second laser source which causes a small heat-affected area [44]. In addition to studies directly focused on laser marking, there are some others about laser milling. Campanelli, et al., used the design of experiment methodology to evaluate the influence of the parameters (laser power, frequency, overlap, etc.) involved in laser milling on the removed depth and surface roughness [5]. Pham et al., studied the laser milling process of ceramic components reviewing the main parameters (lamp current, pulse duration, pulse frequency and scan speed) affecting the material removal characteristics of the process [29]. In the field of laser micro-millling, Vasco et al., tested different scanning strategies and operating conditions regarding the surface quality and material removal rate on a laser milling machine [48]. 

2 Experimental Procedure
All performed experiments are carried out on two Selective Laser Melting machines: a Concept Laser M3 Linear machine (Figure 3) and the LM machine which was developed at K.U.Leuven. The Concept Laser M3 machine employs an Nd:YAG laser with a wavelength of 1064 nm. This laser can be used in pulsed mode (Q-switched) or in continuous mode. Until now Selective Laser Erosion (SLE) is only possible using a pulsed mode. In this paper Surface Laser Remelting (SLR) is only done using a continuous mode. In continuous mode the maximum laser output power is approximately 100 W. The laser also has two possible beam diameters Ф1/e²: 53 and 133 µm (Ф99% respectively 80 and 200 µm). The LM machine employs an Yb:YAG fibre laser with a wavelength of 1085 nm. This laser can be used in a modulated mode (which is not used) and in continuous mode. The maximum laser output power in continuous mode is 300W and the standard beam diameter Ф1/e² is 50µm.

Two different powder materials were used in order to make a comparison about the effect of laser remelting on surface quality taking the material issue into account: i.e. ASTM 316L stainless steel (CL20ES) and Ti-6Al-4V (CL40TI) which is the most commonly used titanium alloy [27]. Both powders are commercially available from Concept Laser. The parts having a rectangular cross-section (mostly 10 x10 mm2) as shown in Figure 4 are first produced by SLM. 

The surface quality of the top surfaces was measured by a roughness tester (Taylor Hobson Form Talysurf 120L). In this paper the roughness of the parts is mostly expressed by the arithmetic mean surface roughness (Ra). The total height of the roughness profile (Rt) and the surface roughness depth (Rz) were measured too and follow the same trend.
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Figure 4. Parts made for parameter study for laser surface 
remelting; stainless steel on the left and Ti-6Al-4V on the 
right.

3 experimental results and discussion
The best surface roughness achievable by SLM is limited due to the powder particle size distribution that is used for the process. This particle size may not be chosen too small due to the need for flowability and dense powder particle packing [31]. Therefore, it is generally a compromise between density and surface quality. 

In the following sub-section, the experimental results in terms of roughness are presented separately for the two different materials (1.4404 /ASTM 316 L and Ti-6Al-4V) since the experiments for two materials were conducted on different machines employing different laser sources. The tests with stainless steel are carried out using the Concept Laser M3 Linear machine. For the tests with Ti-6Al-4V, the LM machine of the K.U.Leuven is used.

3.1 Stainless Steel
The metallurgical composition of the stainless steel used in the experiments is: 17% Cr, 11% Ni and 2% Mo.

After the parts are built by SLM, the top layers are in a first step exposed to Selective Laser Erosion (SLE step) with an expectation of removing any peaks resulting from the SLM process and improving the surface quality. The erosion process is performed with a high energy intensity input which is supplied by selection of suitable laser and process parameters so that the total depth of erosion is high enough to remove the peaks left behind by the melting process. Thus, an amount of material is removed which is dependent on the selection of laser and process parameters and number of eroded layers. In a second step, the resulting eroded surfaces are remolten to smoothen it (SLR step). This remelting step applies a lower energy input in continuous laser mode. In order to apply this two-step scheme the parameters for SLE and SLR are optimized. To know how much the SLE and SLR step improves the surface roughness, first the surface quality of SLM processed parts is investigated.

3.1.1 Surface Quality of SLM Processed Parts

In order to make a comparison, first the results for SLM parts without erosion or remelting are presented in Figure 5 which represents Ra values measured on different parts. These parts were built by SLM with the same laser and process parameters, in the same environment, with the same amount of oxygen on the same base plate. As observed from the figure, the roughness data shows a great spread. The standard deviation for Ra is 2.7 µm with a mean of 13.4 µm. The total roughness also follows the same trend and the standard deviation is equal to 23.1 µm for Rt with a mean of 113.5 µm. 
The average Ra and Rt values of the parts without any improvement step (only SLM processed parts) are used as reference values in the following sections when the results for other parts are presented. Notice that all roughness measurements on stainless steel parts are done without using a cut-off filter.
[image: image6.jpg]+ Ra
47 Average
P —Minimum ||
— Maximum
0 T T T T 1

0 10 20 Test# 30 40 50




Figure 5. SLM only results for Ra.
3.1.2 Parameter Study for Rough Erosion (SLE step)
To find the best parameters for the first SLE step (rough erosion), some parts are built by SLM and half of top surfaces is eroded with different parameters for each part. The parts are shown in Figure 6a. The resulting 3D roughness profile (derived by SPIP software) of a sample surface is depicted in Figure 6b.

Single factor experiments are utilized to study the effect of each parameter and to find the best parameters for the first SLE step of the roughness enhancement. The major parameters that are under investigation are the scan speed, the pulse frequency, laser power, scan spacing and the number of eroded layers.
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Figure 6. Surfaces left behind the first (SLE) step.
a) Scan Speed

The scan speed is an important process parameter for laser erosion since it influences the amount of energy input per unit length delivered to the substrate. As the scan speed increases, the energy per unit area decreases, so does the erosion depth per laser scan. On the contrary, the process time increases substantially when low scan speeds are selected. The scan speed influences the overlap between subsequent laser pulses; the lower the speed, the greater the overlap and the deeper the material removal due to multi-pulse radiation. Thus scan speed is a key factor for specifying the depth of erosion. However, for the surface quality, it is of less significance especially at high frequency values and medium laser powers. This case is illustrated in Figure 7. A slightly lower roughness value is obtained at medium scan speeds (400-500 mm/s). 
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Figure 7. The effect of the scan speed on Ra.
b) Pulse Frequency

The pulse frequency of a Q-switched Nd:YAG laser has a significant effect on the process. If the aim of applying erosion is to remove the maximum amount of material, the frequency should be kept at medium values at about 30 kHz since the amount of removed material depicts a maximum at this frequency [20]. This is due to the change in peak power and the average output power of the laser with change of the pulse frequency. At frequencies below 30 kHz, the peak power during a pulse can reach its pre-set value guaranteeing proper evaporation of material. Therefore, at low pulse frequencies, the amount of material removed depends on the power of the laser times the pulse frequency and hence increases with frequency. At pulse frequencies above 30 kHz, the peak power does not reach values high enough to evaporate material. Based on the fact that the peak power decreases by increasing pulse frequency, the depth of erosion declines as the frequency increases [30].
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Figure 8. The effect of pulse frequency on surface quality.
The roughness Ra and Rt depicted a similar trend with a maximum at about 30 kHz: see Figure 8. In these test, the frequency is varied from 20 to 50 kHz while other parameters are set as follows: a scan spacing of 0.7 x spot size (= Ф99% = 200 µm), a scan speed of 600 mm/s and a laser pump current of 33 A. The top surface of the part was scanned 10 times. As observed, the best results are obtained with high frequency values such as 45 and 50 kHz. Therefore additional tests are done at those frequencies for scan speeeds of 450, 500 and 600 mm/s (Figure 9). These tests confirm that 50 kHz, i.e. the highest frequency, yields the lowest roughness. 
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Figure 9. The effect of frequency on Ra.
c) Pump Current (Laser power)

The pump current is one of the most important process parameters for SLE due to its direct effect on laser power. The relationship between the laser power measured in continuous mode and pump current is shown in Figure 10. A lower limit for the laser power ensures the evaporation of material necessary for SLE. Otherwise, the material is only melting at the surface, rather than removed. 
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Figure 10. The relationship between the pump current and  laser power.
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Figure 11. The influence of pump current on Ra.
Figure 11 suggests that increasing the pump current, in other words the laser power, deteriorates the surface quality since the average and total roughness values increase. Depending on the other parameters selected, the laser power should be high enough to evaporate material but not too high which leaves a bad surface quality behind.
d) Scan Spacing
The influence of the scan spacing between successive scan lines on the surface quality is depicted in Figure 12. The scan spacing is related to the spacing factor a1 that may vary between 0 and 1 and is defined according to following equation:

Scan spacing=a1 x spot diameter (=Ф99% = d =200 µm) (1)
Figure 12 gives the results of the tests done with spacing factors varying from 0.4 to 0.9 and done with different sets of laser and scanning parameters. For all tests, the number of eroded layers with the parameters given in the figure was set to 10. As the figure suggests, high spacing factors result in bad surface quality due to generation of separate erosion tracks. Separate erosion tracks leave a very rough surface behind because the material in between these tracks is not totally removed. Therefore, high scan spacing value should be avoided.
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Figure 12. The effect of scan spacing on the average   roughness (Ra).
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Figure 13. The influence of scan spacing on Ra.
Medium or low values for scan spacing result in better results as seen in Figure 13. A scan spacing above 0.5 x d (spot size) generally results in bad surface quality.

e) Number of eroded layers
The last parameter under investigation is the number of erosion layers applied. The more layers are eroded, the better the surface quality (Figure 14). However, eroding the surface 2 times provides already a significant enhancement. After a certain number of layers, the average roughness converges to a certain value.  After this point it is not useful anymore to erode more times. In terms of productivity, applying a low number of layers should be preferred. In cases where surface quality is of great significance, it is best to choose a higher number of layers. 
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Figure 14. The effect of number of eroded layers on Ra.
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Figure 15. Paremeter study for Remelting: a set of sample parts (SLR step).
3.1.3 Parameter Study for Remelting (SLR step)
The second step involves remelting of the top surfaces after they are exposed to SLE in the first step. The parameters of the SLE step were always kept the same (scan speed: 600mm/s, pulse freq.: 50 kHz, pump current 34 A,  scan spacing: a1 = 0.4, number of layers: 20,  beam diameter Ф99% : 200 µm). The remelting of the surface is expected to bring an extra enhancement. In order to find the correct parameters for this remelting step, a series of tests are conducted studying the effect of laser power, scan speed and scan spacing. Since the remelting process is performed in continuous mode, the frequency value is set at 0 kHz in all tests. Figure 15 shows a set of sample parts. The three parts at the top are not eroded or remelted (only SLM). The three parts at the bottom are only exposed to erosion but not remelted and used as reference parts to compare the results at the end.
As depicted in Figure 15, different scan speeds and laser power values are tested on one base plate keeping the scan spacing constant for the SLR step. For a different scan spacing, a new set of parts is built on a different base plate. Three sets of parts were built with scan spacing values of 0.7 x d, 0.4 x d and 0.1 x d (Figure 16). The scan speed values vary between 50 and 800 mm/s while the pump current values vary between 31 and 39 A.  The SLR step is applied on the surfaces 5 times with a diagonal grid strategy and the big aperture having a spot size Ф99% (d) of approximately 200 µm. 
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Figure 16.  Three test cases with different scan spacing values a) 0.7 x d b) 0.4 x d and c) 0.1 x d. 
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Figure 17.  Results of SLR for a1 = 0.7
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Figure 18. Column diagram of Ra results for a1 = 0.7
The first test case with a scan spacing of 0.7 x d gives better results compared to parts that were built without any improvement step (SLM only) or even SLE only. The solid line in the following figures show the average roughness value of the three parts that were built by SLM only and the dashed line shows the average roughness value of the three parts that were exposed to only erosion. The other points correspond to the parts that were exposed to both erosion and remelting. Some of them show a good improvement as is the case with 35 A and 200 mm/s but some of them result in even worse results compared to reference parts. Especially the highest laser power (39 A) results in bad surface quality regardless of the selected scan speed due to excessive laser power (Figure 17 and Figure 18).
In the second test case, the scan spacing between the scan lines is set to 0.4 x (spot size). In this case, the results with the highest laser power are not as bad as for the first case and improvement with the best parameter set is greater (Figure 19 and Figure 20).
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Figure 19. Results of SLR for a1 = 0.4
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Figure 20. Column diagram of Ra results for a1 = 0.4
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Figure 21. Results of SLR for a1 = 0.1 
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Figure 22. Column diagram of Ra results for a1 = 0.1
As the last case, a scan spacing set at 0.1 x (spot size) is used and the results are depicted in Figure 21 and Figure 22. Due to a very high overlap factor between the scan lines, the energy input to the substrate is a lot especially at low scan speeds and high laser powers.
The best results are depicted in Figure 23. These best results, all from the tests with an overlap factor of 0.1, correspond to the following scan speeds and pump current values respectively: 1) 200 mm/s and 35 A 2) 200 mm/s and 37 A and 3) 400 mm/s and 37 A. Figure 24 provides photographs taken at 1000x magnification of each of those 3 best surfaces.
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Figure 23. Best results in the third case. 
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Figure 24. Pictures taken on the surfaces of the best samples. 
The total enhancement obtained by SLE and SLR is illustrated in Figure 25 in terms of Ra. The trend for the total roughness Rt is also the same. The average Ra value for the parts that are made by SLM only is about 15 µm while the average Rt value is about 145 µm. When selective laser erosion is applied with the best parameter set that gave minimum roughness values, the roughness values of SLM only parts are reduced to 6 µm and 55 µm for respectively Ra and Rt. After SLR the surface quality is even improved further and the roughness values can be decreased to 1.5 µm and 13 µm (test 2 in Figure 23). The total improvement including erosion and remelting is about 90% for both average and total roughness values.
[image: image29.jpg]SLE Best SLR

SLM





Figure 25. The enhancement of Ra. 
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Figure 26. Comparison of two cases one with rough erosion and the other without.
3.1.4 Investigation of the Necessity of Rough Erosion
In order to show if the erosion step is necessary for an improvement in the surface quality, some more test parts are built. Half of them are applied to erosion followed by laser remelting whereas the other half were only exposed to laser remelting with the same parameters.  Erosion parameters for all parts were the same whereas for laser remelting three different sets were chosen. The parameters used are shown in Figure 26 with the results. 

As the figure suggests, the results with or without erosion step do not necessarily differ. Therefore, it is not crucial to apply erosion as a first step for an improvement on the top surfaces of the parts built by SLM. Applying only laser surface remelting provides almost the same enhancement. Therefore, the results presented in the part for the titanium alloy involves only remelting after SLM. 
3.2 Titanium Alloy

The tests for laser surface remelting for the titanium alloy are done slightly differently than the ones for stainless steel. Instead of only remelting the last layer of a part, a number of layers are exposed to remelting. After a new layer of powder is deposited, the laser beam first melts the powder selectively. Then without laying a new layer of powder, the surface is remelted and this process (layer deposition, SLM, SLR) continues until the part is completely manufactured. 
3.2.1 First set of tests
As a first test, 25 parts (10x10
[image: image32.wmf]2

mm

) were built with a zig-zag scan strategy (Figure 27) to search which set of scan speed and laser power lowers the surface roughness the most. The parts consist of 70 consolidated layers with a thickness of 30 µm. The last 20 layers are first melted with parameters that are optimised for density: scan spacing 74 µm, laser power 40 W, scan speed 225 mm/s. Each of these layers is then exposed to laser remelting with scan vectors perpendicular to the scan vectors of the melting. Each part is remelted with a different combination of scan speed and laser power. The following scan speeds are used: 20 mm/s, 80 mm/s, 320 mm/s, 1280 mm/s, 5120 mm/s. Each of these scan speeds is used in combination with the following laser powers: 16 W, 32 W, 64 W, 128 W and 256 W.
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Figure 27. Scan strategies: (a) zig-zag scan strategy and (b) single direction scan strategy.
On each part, three 2D roughness measurements were done in the direction of the remelt-vectors. The following Ra values (and standard deviations) were measured with a Gaussian filter and a cut-off of 2.5 mm.
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Figure 28. Roughness values of the first Ti-6Al-4V experiment [µm]: (a) mean roughness [standard deviation] (b) column diagram.
The parts that were made with scan speeds between 80 and 1280 mm/s and scan powers between 64 and 256 W have lower roughness values compared to others (see dotted area in Figure 28a). 

3.2.2 Second set of tests
The window giving low roughness (80 - 1280 mm/s and 64 - 256 W) is further investigated in a second analogous test: see settings in Figure 29. Three reference parts without remelting were also made at 80 mm/s and 128 to 256 W (see Figure 29). 

For each part three roughness measurements were taken. The results are given in Figure 29.
The flatness of the top surface is however also affected by the occurrence of edges that arise when the remolten material is partially pushed to the contours of the part by the laser beam (Figure 24 and Figure 30). In general, edges are larger if the parts are remolten with a relatively low scan speed and high laser power. To find the power and scan speed that optimizes the given remelting process, an assessment between surface roughness and the size of the edges is necessary. Figure 31 gives the height of one of the four edges (the right edge) of the parts.
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(b)
Figure 29. Roughness values of the second Ti-6Al-4V-experiment [µm] (Ref.=reference part): (a) mean roughness [standard deviation]; The darker the shading the more preferable the remelting parameters.  (b) column diagram.
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Figure 30. Four edges of a square part.
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Figure 31. Height of the right edges of the second Ti-6Al-4V-experiment [µm]. The darker the shading the more preferable the remelting parameters. (Ref.=reference part; x=no apparent edge).
After observing Figure 29 and Figure 31, the combinations of scan power and scan speed that give the lowest roughness values with acceptable edges is considered to lie in a diagonal band as marked on Figure 29a. The most preferable zone of this diagonal band is the one with low roughness values, low edges and high scan speeds (high productivity). The darker the shading in Figure 29a and Figure 31, the more preferable the remelting parameters.

On every diagonal the laser power (P) and the scan speed (v) have the following relation.
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In the area enclosed by the diagonal band this constant is varying between 1 and 10 W/
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 for respectively the darker and brighter diagonals on Figure 29a.

3.2.3 Third set of tests
In the third test with Ti-6Al-4V, different scan strategies are investigated. Square parts (2 cm²) are built to search which scan strategy lowers the surface roughness most. A part of each layer (mostly 1 cm²) is remelted, using a particular scan strategy (power 91 W, scan speed 640 mm/s). The investigated scan strategies are:

1. Zig-zag scan strategy versus single direction scan strategy (Figure 27).

2. Remelting the top layers two or three times in different directions and with a zig-zag scan strategy. 

3. Reducing the scan spacing to its half

4. Other scan strategies: Spiral scan strategy, staggered scan strategy, remelting in a direction perependicular versus parallel to the melt direction, some combinations of the scan strategies mentioned above (Figure 32).
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                           (b)

Figure 32. Scan strategies: (a) spiral scan strategy and (b) staggered scan strategy. (The dotted lines indicate the remelting pattern of the underlying layer.)

The results of this test show that multiple time remelting in different directions or with a zig-zag scan strategy, improves the surface roughness. A part that was remelted 3 times in different directions (angle between remelt and melt direction respectively 0°, 60° and 120°) has an Ra value (Lc=2.5 mm, three measurements) that is approximately 30% lower than a part that is remelted only once (Ra = 3.4 ± 0.5 µm versus Ra = 5.1 ± 1.1 µm). When using a zig-zag scan strategy, reducing the scan spacing also seems to improve the surface roughness. In this latter test, the Ra value (Lc=2.5mm, three measurements) of a part seems 10% lower when the scan spacing is reduced to its half (Ra = 4.5 ± 1.1 µm versus Ra = 5.1 ± 1.1 µm).
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Figure 33. Remelting with a single direction scan strategy: edges and holes. Scan spacing respectively 74 µm (a) and       34 µm (b).
A single direction remelting scan strategy (Figure 27) does not seem to improve the quality of the surface compared to a zig-zag remelting scan strategy. First of all, the Ra values are not lower. The part that was made using a zig-zag scan strategy had an Ra value of 5.1 ± 1.1 µm whereas the part that was made with a single direction scan strategy had an Ra value of 5.3 ± 1.1 µm. Secondly, the parts that are made with a single direction scan strategy have a large edge at every starting point of the scan line and a hole at every end of the scanline (Figure 33a). If the scan spacing is smaller, these edges are larger (Figure 33b). An explanation for this physical phenomenon might be that the laser plume recoil pressure pushes the molten material backwards [32]. When using a zig-zag scan strategy, the holes at every end of a scan vector are filled with the edges of the starts of the scan vectors, resulting in smaller edges.

3.2.4 Fourth set of tests
In the last test with Ti-6Al-4V, 22 parts with top surfaces of 10x10 mm² were created with a zig-zag scan strategy to search which combination of spot sizes of the laser and laser power, together with a low scan speed (20 mm/s) offers the best surface roughness by remelting. The scan vectors of the remelting are perpendicular to the scan vectors of the melting. Each part is remelted with another combination of laser spot size and laser power. The laser powers used for the remelting are: 32 W, 64 W, 128 W, 256 W, 300 W. High remelting powers caused large deformations of the parts (Figure 34). When a remelting power of 256 W or 300 W was used only one layer is remelted as the large deformation of the surface may hamper deposition of a next powder layer or damage the recoating blade.
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Figure 34. Large deformations of a part remolten with a power of 300 W, a beam diameter Ф1/e² of 100 µm and a scan speed of 20 mm/s.
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Figure 35. Beam profile measurements at different positions along the Z axis, beam diameter values Ф1/e² are indictated.
Figure 35 shows the spot size of the used Yb:YAG fibre laser  beam near the focal point [46]. By lowering the build platform (0µm, 677µm, 1771µm, 2917µm, 4313µm), different spot sizes of the laser beam are generated (Ф1/e² approximately 50µm, 70.7µm, 100µm, 141.2µm, 200µm). Scan spacings are changed according to the spot sizes of the laser beam (75µm, 106µm, 150µm, 211µm, 300µm). 

The following Ra values [and standard deviations] were measured (Lc=2.5mm).
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(b)
Figure 36. Roughness values of the fourth Ti-6Al-4V experiment [µm] (Ref.=reference part): (a) mean roughness [standard deviation] (b) column diagram.
If one rejects high power settings of 256 W and 300W (too large deformations), Figure 36 shows that a spot size of 200 µm and a laser power of 128 W gives the lowest roughness in this test.

3.2.5 Discussion
Until now two methods with Ti-6Al-4V were successful in reducing the surface roughness, without inducing large deformations. The first method (method A) is remelting the molten layers three times as shown in the third Ti-6Al-4V-experiment. The other method (method B) is remelting the molten layer with a large spot size, as shown in the fourth Ti-6Al-4V-experiment. To compare these two methods, the roughness profiles are compared instead of the Ra values (Figure 37).
These roughness profiles show that using method A leads to a serrated remelted surface, while using method B leads to a smoother remelted surface. However, the two methods must not be seen independently. Future research will investigate whether a combination of method A and B can further improve the surface roughness. 
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Figure 37. Roughness profile of a part made by remelting the molten layers respectively three times  (method A, figure a) and with a large spot size (method B, figure b).
4 conclusions 
This paper first described how surface roughness of parts made by SLM of CL20ES stainless steel (ASTM 316L) can be improved by i) Selective Laser Erosion, ii) Selective Laser Erosion followed by Selective Laser Remelting and iii) Selective Laser Remelting on a Concept Laser M3 Linear SLM machine. The optimized parameters for Selective Laser Erosion lead to a roughness improvement of 60% (Ra from 15 µm to 6 µm). Selective Laser Remelting with optimized parameters for laser power, scan speed and scan spacing after Selective Laser Erosion leads to a roughness improvement of 90% (Ra from 15 µm to 1.5 µm). Selective Laser Remelting with the same optimized parameters, but without the erosion step leads to the same roughness improvement. Therefore, it is not crucial to apply erosion before remelting to improve the top surface roughness of the parts built by SLM.

The paper further describes how to improve the surface roughness of CL40TI titanium alloy (Ti-6Al-4V) SLM parts by Selective Laser Remelting on the LM machine developed at K.U.Leuven. An attempt is made to describe and reduce the edge effect occurring in SLM and SLR. The surface roughness is improved in two different ways by more than 75%. By remelting the surface layers three times in a different direction with optimized parameters for scan speed and laser power, Ra values are reduced from 14.1 µm (mean roughness of all reference parts) to 3.4 µm. By remelting the surface layers one time with a large spot size, a low scan velocity and sufficient laser power, Ra values are reduced from 14.1 µm to 3.1 µm.
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