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Abstract

:

Problems with the laser additive manufacturing of metal parts related to its low efficiency are known to hamper its development and application. The method of selective laser melting of metallic powders can be improved by the installation of an additional laser beam modulator. This allows one to control the power density distribution optically in the laser beam, which can influence the character of heat and mass transfer in a molten pool during processing. The modulator contributes alternative modes of laser beam: Gaussian, flat top (top hat), and donut (bagel). The study of its influence includes a mathematical description and theoretical characterization of the modes, high-speed video monitoring and optical diagnostics, characterization of processing and the physical phenomena of selective laser melting, geometric characterization of single tracks, optical microscopy, and a discussion of the obtained dependences of the main selective laser melting (SLM) parameters and the field of its optimization. The single tracks were produced using the advanced technique of porosity lowering. The parameters of the obtained samples are presented in the form of 3D graphs. The further outlook and advanced applications are discussed.
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1. Introduction


Laser additive manufacturing is a technological method for the direct production or growing of functional objects from powders. Recent research [1,2,3,4] has aimed to create new classes of materials as gradient construction and functional materials (with gradient properties for different functional elements of geometrically complex parts), gradient reinforced by ceramics [5], variations of content for intermetallic alloys, adaptations of the method for hard-to-melt materials as hard alloys based on tungsten or tungsten itself, etc. [6,7,8,9,10,11,12,13].



However, the problem of its efficiency remains unsolved [14,15,16,17,18,19], and the application of the method in each case requires significant energy and finances, which hampers the development of this production technique and its applications. Today, common conventional selective laser melting (SLM) or selective laser sintering (SLS) machines allow for producing parts with a maximum laser power of about 400 W [20,21,22]. Some manufacturers create machine tools with an available power of about 1 kW [23,24]. Hence, more than 96% of the work is done with a maximum laser power in the range of 30–100 W to provide higher quality and resolution of the produced objects [25,26].



The problem is related to the impossibility of directly increasing the laser power without a decrease in the quality of the manufactured objects [27,28,29,30]. The direct augmentation of the main SLM parameters leads to an unpredictable and dramatic decrease of the product quality, which is traditionally associated with an excess of energy in the molten pool.



The quality of the object produced by SLM is defined by the geometrical accuracy of the operational surfaces of the product and its mechanical properties. The geometrical accuracy depends, in turn, on the geometrical accuracy of the deposed layers and the volumetric accuracy of the 3D model, thickness of layers, and maximum average particle size (Figure 1). The primary interest of the current paper is in the influence of the main SLM parameters and the maximum values achieved by the redistribution of the energy in the laser beam on the main characteristics of the deposed tracks (marked in red in Figure 1). Another aspect of the achieved research results is the reduction of the molten pool depth with changes of the laser beam profile, which influence the previous layers and substrate material by a remelting process, which influences the chemical homogeneity of the produced object and reduces the thickness of the intermediate space between the substrate and the object. Usually, this intermediate space is cut out during consequent post-treatment of the object. Its reduction will have a positive influence on the reduction of the object’s costs, including auxiliary timing and material losses during post-processing (marked in purple in Figure 1).



It should be noted that there are several known ways to improve the quality of the parts produced by selective laser melting based on the results of experimental investigations [31,32,33,34,35]:

	-

	
An initial analysis of the control factors related to SLM machines on the prepared powders before production with the purpose of receiving confirmed experimental data of the current conditions of the materials and environment;




	-

	
Improved techniques for pre-treatment of the powders: mechanical pre-treatment with the purpose of obtaining more regular shapes and sizes in the initial powder; thermal pre-treatment of the powders with the intent to remove excess air in powder and increase the density of the powder;




	-

	
Improved techniques in mechanical post-treatment of the produced objects with the purpose of obtaining smoother surfaces; thermal post-treatment of the object with the intention of improving the internal microstructure and mechanical properties of the produced object;




	-

	
Installation of in situ optical monitoring tools with the aim to control processing.









Meanwhile, all of them are related to the increase in production time as well. Hence, the purpose of the current study is to develop and investigate a technique to increase the productivity of SLM processing with no losses in the quality of the produced object. The main tasks of the study were formulated as follows:

	(1)

	
Investigation of principal abilities of laser power redistribution at the spot and mathematical corroboration of the developed approach;




	(2)

	
Development of the experimental setup for power density redistribution and verification of the developed system;




	(3)

	
Demonstration of energy redistribution using the designed system and characterization of the specimens;




	(4)

	
Supporting the obtained data by video monitoring and optical diagnostics.










2. Materials and Methods


2.1. Experimental Setup


The experiments were carried out on an experimental setup developed by Moscow State Technological University (MSTU) Stankin [36,37].



The optical part of the setup consists of laser beam shaping and optical monitoring systems. An ytterbium fiber optic laser LK-200-V3 (IRE-Polus, Fryazino, Moscow, Russia) with maximum power 200 W (maximum available power in output was less than 173 W) and wavelength λ = 1.07 µm was used. The laser source with maximum power of 200 W was chosen for safety reasons as it was supposed to work well with the open system of the machine [38,39]. The industrial SLM machine does not provide access to the working chamber and full access to system parameters, or its access is limited [40,41].



A 5-mm diameter collimated laser beam passes through a Focal-piShaper (πShaper, Berlin, Germany), gets into a scanning head and deviates according to the signal from a scanning program from a PC by a system of reflective mirrors. Further it passes through an focal (f-Theta) lens [42,43] and impacts the powder layer on a substrate made in the form of a disc. A charge-coupled device (CCD) camera LaserCam-HR (Coherent, Palo Alto, CA, USA) controls power distribution in a laser beam. An optic mirror B-Cube and attenuator C-Varm (Сoherent, Santa Clara, CA, USA) were used for laser beam power reducing on the surface of the camera matrix. A high-speed camera FastcamSA5 (Photron, San Diego, CA, USA) and macro object-glass Zoom6000 (Navitar, New York, NY, USA) were used for processing visualization and monitoring. The laser diode lighting Cavilux HF (Cavitar, Tampere, Finland) with 810 nm filter was used to exclude the influence of laser and thermal radiation in the working zone. The parameters of the shooting were chosen for optimal detection of the powder outburst from the processing area: frame rate and lighting pulses rate 1000 Hz, resolution 1024 × 1024, shutter time 999 µs.



The mechanical part of the setup consists of a working table with two moving pistons: one for raw powder, another one for building an object. The motions of the pistons in cylinders were controlled using a metric rule. The objects and single tracks were produced on replaceable 10 mm height and 50 mm diameter discs made of constructional carbon steel 1020 by AISI (Standards of The American Iron and Steel Institute). A built-in metallic equalizer rod realized deposition of the powder automatically. An application developed for a computer synchronized the movements of the built mechanisms [44,45].




2.2. Methods for Converting the Mode Composition of Laser Radiation


Laser radiation is generated using special optics, which has a different configuration. All optics obey the laws of diffraction, which are the basis for the description of various optical effects.



A theoretical description of optical effects usually begins with the so-called Fresnel‒Kirchhoff diffraction formulas. However, these equations are usually quite complex and not practical for technical purposes, and, therefore, they use various simplifications such as the Fresnel and Fraunhofer approximations.



The well-known and widely used conclusion of the theory of diffraction is as follows: the amplitude of the light distribution field in a particular case, in the focal plane of the lens, is proportional to the Fourier transform of the input amplitude of the field distribution.



An example of these transformations is shown in Figure 2. This figure shows the results for the attractive cases for practical purposes:

	(a)

	
focusing a TEM00 (Gaussian) laser beam [46];




	(b)

	
focusing the beam with a “flat top” or “top hat”, TFT (TEM “flat top”) = TEM00 + TEM01*, where TFT is TEM “Flat top”, TEM01* = TEM01 + TEM10 [47] (Figure 2a);




	(c)

	
creating a “flat top” beam in the lens focus area, which is one of the most actual optical research topics [48,49].









It is known that when a beam propagates in space due to interference, the distribution density varies in different planes along the propagation path of the laser radiation. In other words, in each plane of the lens, the intensity profile differs from each following profile, in particular, this depends on the initial distribution of the beam intensity profile at the lens input. For example, Figure 2b corresponds to the TEM00 (Gaussian) plane of the power distribution plane as one of the most common in laser technology. This power distribution density describes the initial distribution in polar coordinates according to the following formula:


Iin(r)=Iin0exp(−2r2ω2),



(1)




where Iin is the intensity at the entrance of the lens; ω is the radius of the Gaussian beam waist; and Iin0 is a constant.



The focusing of such a beam leads to the creation of a spot in the focal plane, also with a Gaussian power density distribution and diameter d, determined according to the following formula:


d=4λfM22πω,



(2)




where λ is the wavelength, m; f is the focal length of the lens, m; and M2 is the quality factor of laser radiation, for TEM00 Gauss mode M2 = 1.



An essential feature of focusing a beam with a Gaussian distribution of power density is that its intensity profile remains unchanged (Gaussian) throughout the beam propagation; only its geometric characteristics change. This feature of a beam with a Gaussian power density distribution is widely used in laser technology and its various applications. However, for all other profiles, the intensity of distribution varies. For example, in Figure 2c an initial beam with a flat top, characterized by an initially uniform distribution of power density in the focal plane of the focusing lens, is determined by the function called Airy disk, described by the following equation:


If(ρ)=If0[JI(2πρ)/(πρ)]2,



(3)




where JI is the Bessel function of the first kind and the first order, and If0 is a constant.



At the same time, in the space between the lens and the focal plane, the interference pattern is different from the initial distribution as a uniform distribution with a flat top and a distribution in the focal plane of the lens. These intermediate distributions are inherently nonuniform and useless for practical applications. Thus, it can be concluded that beam focusing with a flat top in the focal and intermediate planes does not create a spot with a uniform distribution of power density. It makes no sense to focus laser radiation with a uniform distribution of power density in its spot. However, this does not mean that it is impossible to create a spot of laser radiation with a uniform intensity. For example, Figure 2d shows an example of an essential practical task: the creation of a small laser spot with a uniform radiation intensity in the focal plane of the lens.



It is necessary to solve the inverse problem of finding the required power density of laser radiation at the entrance to the focusing lens to obtain the power density distribution with a flat top in the focal plane of the lens to create such a small spot with uniform intensity. For example, attempts to solve this problem were made in [50]. Mathematical calculations based on inverse Fourier transforms were performed. The solution to this problem was the following remarkable conclusion: in order to obtain the uniform distribution of laser radiation in the focal plane, the input beam should have a distribution similar to the Airy disk distribution density described by the Airy function presented above. In other words, to obtain a laser spot with a flat top in the focal plane, the input beam must have a substantially nonuniform profile.



As in the previous cases, the interference pattern in the space between the lens and the focal plane is not constant; it varies in size and intensity of radiation. The intensity distribution with a flat top is only a particular case of a continuous change in the intensity of the distribution. A primary feature of focusing the beam with the Airy disk distribution in creating a beam with a flat top and a near-flat top profile distribution is in possibility not only focusing in the focal plane but also in some intermediate planes. The intermediate planes are labeled Δ in Figure 2d. A continuous transition from one intensity profile to another can be seen in the picture.



The presence of this delta range is quite significant from a practical point of view since a profile with a flat top is relatively stable and can be within the tolerance of ±10%. The change in the diameter of the input beam is not significant, with a change of less than 30%. The spot size is only 1.3–1.7 times larger than the spot in the focal plane; there is a significant depth of field. Thus, it is possible to obtain various power density distributions using a laser beam with the Airy disk distribution and a focusing lens in its focal plane and nearby planes. The most interesting of them for the work are presented in Figure 3.



When studying the influence of the dependences of the mode composition of laser radiation, a laser source with a Gaussian power density distribution and an optical system were used, which converted the Gaussian power density distribution into the Airy disk distribution, which was later focused by a scanning lens.




2.3. Achievability of Laser Modes


The camera for measuring the power density of the laser radiation and the geometric characteristics of the laser beam was additionally equipped with two attenuators, B-Cube and C-Varm (Сoherent, Santa Clara, CA, USA), with fixed and variable attenuation coefficients, respectively, to enable measurements on a laser operating at minimum power at its focused spot. The B-Cube attenuator reflects up to 5% of the laser power to the perpendicular direction and directs it through a special spacer to the C-Varm attenuator, which directs it to the camera matrix. The camera is located on a tripod that was raised relative to the substrate by an amount equal to the “shoulder” between the center of the first attenuator and the matrix, thus allowing for measuring the geometric characteristics of laser radiation falling directly on the substrate.



The diameter of the output laser radiation from the collimator was 5 mm, and the increasing capacity of the transducer modal composition of the laser radiation was set at two crates. The focus of the laser radiation was found on the substrate (Figure 4a) with a Gaussian power density distribution. The effective diameter of the laser spot was in the range 100–120 μm, and the effective area was 0.309 mm2.



Furthermore, with the reverse defocusing relative to the focal plane, a power density was achieved using a converter of the mode composition of laser radiation according to the physical phenomena described above, bringing its characteristics closer to a flat-top density as it presented in Figure 4b. At the same time, the effective diameter of the laser beam was in the range 200–255 μm, and its effective area was 0.447 mm2. With an ever-increasing defocusing, the inverse Gaussian or “donut” (doughnut) [51] power distribution density was achieved (Figure 4c). At the same time, the effective diameter of the laser beam was in the range 300–377 µm, and its effective area was 0.379 mm2.




2.4. Powder Material


CoCrMo powder (60–65% of Co, 26–30% of Cr, 5–7% of Mo) was chosen due to its excellent melting properties, heat resistivity, neutral reaction to the protective environment, and wide range of possible industrial applications [52,53,54]. The granular and morphometric analyses showed that the granules have a mostly spherical shape, which is preferable for better energy absorption [55,56,57]. The initial CoCrMo powder was sifted using an analytical sieving machine AS200 basic (Retsch, Dusseldorf, Germany) with a test sieve (50 µm by ISO 3310-1) and dried using a vacuum oven VO400 (Memmert GmbH + Co. KG, Schwabach, Germany) before processing. The drying of the powder contributes a better density of the powder in the layers and removes the excess of air. The powder was controlled using an optical particle shape analyzer 500NANO (Occhio, Liege, Belgium) and a scanning electron microscope VEGA 3 LMH 1000000x (Tescan, Brno, Czech Republic). The thickness of the layers during the experiments was controlled optically using Olympus BX51M (RYF AG, Grenchen, Switzerland) and was measured in the range 79.5 ± 4.5 µm.




2.5. Characterization of the Samples


The characterization of produced samples was provided by an SEM VEGA 3 LMH and by an optical microscope Olympus BX51M. Probe preparation was made using a standard ATM Machine Tools sampling equipment (ATM Machine Tools Ltd., Wokingham, UK). Cross sections of the samples were etched by a mixture of hydrochloric acid HCl (38% solution) and hydrogen peroxide H2O2 (3% solution) in the proportion 6:1 [58,59,60].





3. Results


3.1. Investigation of Principal Abilities of Laser Power Redistribution in the Spot and Mathematical Corroboration of the Developed Approach


3.1.1. Classification of the Main SLM Parameters and the Way of Laser Power Redistribution


The quality parameters of the deposed single tracks depend on using processing factors, which can be controlled by a numerical control system of the machine. The factors related to SLM machine can be called entirely controlled factors, while the factors associated to the properties of using powder, characteristics of the environment, and even to the quality of initial 3D model presentation can be called partially controlled factors (Figure 5).



There are several possibilities for improving the efficiency of selective laser melting with no loss in quality of the produced object during energy transformation from the laser source to the absorption of the energy during formation of the molten pool, mentioned in Table 1 [61,62]. The described possibilities have no visible effect on the improvement of process efficiency [63,64,65], except the last one, which can theoretically improve the efficiency by more than 2‒3 times [66,67,68].




3.1.2. Short Description of the Developed Approach


The knife-like formation of the molten pool, which is not as desirable for other technological laser applications as the precise laser cutting of thick sheets (with thickness more than 5 mm), laser scribing, and graving provoke multiple remelting of the material in the molten pool and interfusion with the previous layers due to its excess of energy on the treated surface. The excess of energy is related to the normal bell formed Gaussian distribution. This leads to the formation of a solid solution between the material of the substrate and has effects on the chemical and microstructural homogeneity of the subsequent layers of the object [74]. This effect is related to the character of the energy distribution in the laser spot, which is close to the Gaussian profile and can be approximated by a Gaussian function [18,75].



As the convectional mechanisms of powder consolidation during selective laser melting are thermo-activated, there is a reason for obtaining a uniform temperature field T induced by the irradiation. It is known that if the thermal energy is released on an adiabatic plane bounding a uniform conducting half-space inside a circle of radius r0, with radial distribution, the steady temperature rise over this circle is uniform [76,77]:


T0=P4k·r0[K],



(4)




where P is laser power, W; and k is the thermal conductivity of powder, W·(m·K)−1.



The beam with the radial distribution as flat top is preferable for more uniform energy absorption and melting of the powder in the laser spot due to the principal mechanism of heat transfer related to the thermal conductivity of the material surface [78,79].



The flat-top profile is available mathematically, but it is almost unachievable on the experimental setup due to the issues described above.



The compromise can be found in Airy distribution of the first harmonic TEM01* (TEM01 + TEM10), which is traditionally called a “bagel,” “donut” or inverse Gaussian profile [80]. Meanwhile, there are more opportunities for direct augmentation of the energetic impact and the possibility of keeping the regular character of the distribution for the inverse Gaussian profile.



As was previewed, both of the alternative profiles have an absence of the energy peak in the center of the laser beam spot. This can result in a decrease of the intensity of powder granule emission, evaporation of the material from the molten pool, and reduction of low-temperature plasma cloud volumes. That should, in turn, have a positive influence on the quality of production.





3.2. Development of the Experimental Setup for Power Density Redistribution and its Approbation


3.2.1. Construction of the Experimental Setup and Laser Beam Modes


Up until now, the modern mechanical industry has concentrated research in the direction of laser beam precise focusing. With a new era of 3D direct production of the objects from the powder, there have been problems related to mathematical and practical tools for the creation of uniform and disperse laser beams in the form of circles or even squares. Optical tools such as laser beam expanders are already installed in industrial SLM machines and are efficient for producing large objects such as hip implants and turbine blades with a dimensional length up to 35 cm. The modern focal shaper is known for its many practical solutions in laser manufacturing, but it still is not used in the industrial production of machines for selective laser melting and sintering.



The scheme of the developed setup is presented in Figure 6. The described profiles were experimentally achieved on the developed experimental setup (Figure 7). The distance between the f-Theta lens and the powder layer was calculated and was equal to 20 mm. At this distance, a donut laser beam profile was detected (Figure 7d). With the variation of this distance, a Gauss profile (Figure 7a) and large and small flat-top profiles were detected (Figure 7b,c). Further experiments were conducted with Gaussian, small flat-top and donut laser profiles. The achieved flat-top profiles do not look representative on 3D diagrams (Figure 7b,c) as it is difficult to obtain ones closer to the ideal cylindrical form mathematically and practically. The presented diagrams were registered at first approach on the experimental setup, and profiles close to those presented in Figure 4 was used for processing.




3.2.2. Formation of Single Tracks and its Characterization


Single tracks were produced with variations in the main factors, the laser beam power and scanning speed, to make precise the process gaps for further research into laser beam profiles. The laser beam power P varied from 10 to 173 W (the actual maximum value of the power) with increments of 10 W; the scanning speed V varied from 5 to 80 mm/s with increments of 10 mm/s.



During the experiments, there were two process gaps unveiled for each of the laser beam profiles (Table 2).



The process gaps for each of the laser beam profiles showed a tendency to broaden with an increase in the effective diameter Deff. The trend of enlargement was so clear that it is possible to guess that the higher borders of the discovered process windows were limited by the technological limits of the equipment (the laser beam source and the scanning head).



It was decided to compare the obtained results of optical microscopy for the tracks with the similar energetic contribution E (J·m−2), which was calculated as follows:


E=PDeff·Vs.



(5)







This approach may be simplified, but it allows for evaluating the results received with a similar energetic contribution for different diameters of the laser spot. Like this, the impact of the laser diameter is of secondary importance, while the impact of energy distribution is the priority.



Then the tracks, which were produced with an energetic contribution in the range between 1.17 × 107 and 1.70 × 107 J·m−2, showed a different picture of the single-track formation (Figure 8). For the tracks obtained in the first process gap with the flat-top and donut laser profiles (Figure 8b,c), the relative depth of the track as a ratio of its depth versus the height of the track is not sufficient for the formation of the strong metallurgical contact between the layers [81,82]. The results obtained in the second process gap (Figure 8d–f) give a more acceptable picture of the formation, with higher values of the SLM factors. The tracks were consistent and regular, which may be sufficient and satisfactory for the creation of solid metallurgical contact with the previous layers [83,84,85].



The general view of the tracks is presented in Figure 9. The tracks have a mostly regular character. Figure 9e demonstrates the presence of the dynamic influence of the convective flows during the consecutive formation of the molten pools, which can be explained by the Peclet number related to the transport phenomena in a continuum [79,81]: at small values of the Peclet number, molecular thermal conductivity prevails, and at large values, convective heat transfer predominates.




3.2.3. Analyses of Geometric Characteristics of the Tracks


The dependence of the track width on the laser power and scanning speed is presented in Table 3. The values in the cells are colored in grades between red and white following its values, where red is for its maximum value and white for an absence of metallurgical contact or experimental data due to an absence of practical interest in this field of research. The character of the graphs for different laser profiles does not show any noticeable changes with effective diameter increase. The values of width are close to or noticeably less than those for Gauss beam for flat-top tracks with laser power more than 100 W. At the same time, the effective diameter of the flat-top laser spot is approximately twice the effective diameter of the Gaussian laser spot. That confirms the better efficiency of energy absorption for the flat-top profile and can be recommended for improving the accuracy of objects produced with a laser power of more than 100 W.



Figure 10 shows the different character of the dependencies between the control SLM factors and measured track depth for different laser beam profiles. The dependencies presented in the form of 3D fields show that the character of the changes becomes smoother with a shift in the laser profile from Gaussian to donut. The first technological gap reduces from Gauss to donut; at the same time, the second technological gap grows from accident results to a stable field of parameters (marked blue arrows). The maximum values of depth for each profile are shown in Table 4.



The common picture of depth values showed the oscillating character of the change with the growth of the scanning speed from 0.005 m/s to 0.1 m/s. For the flat-top profile, the graphs acquire a correlated character despite non-periodic steps between the values of laser power (10, 70, 100, 150, 170, 173). For the donut profile, the graphs also acquire a correlated character but with doubled periodic behavior for the scanning speed and non-periodic steps between the values of laser power (70, 100, 150, 170).



The higher values of the SLM factors: for the flat top P = 100 and 170 W, Vs = 0.06 ÷ 0.08 m/s; for the donut P = 150 ÷ 170 W, Vs = 0.06 ÷ 0.08 m/s creates the stable process gaps. The sufficient values of the depths for the formation of the constant metallurgical contact were 49.5 ± 6.5 µm for the flat-top profile and 58.5 ± 10.5 µm for the donut profile.



Figure 11 presents optically measured absolute values of the heat-affected zone (HAZ, powder-free zone). The values of the relative heat-affected zone (Figure 12) were obtained by the next formula:


Cz.r=Cz.a−W,



(6)




where Cz.r is the relative value of the heat-affected zone, µm; and Cz.a is the absolute measured value of the heat-affected zone, µm.



The optically measured absolute values of the heat-affected zone have their lowest values for the flat-top (from 230 to 680 µm) and donut profiles (from 240 to 730 µm), which is preferable for SLM processing as it can solve the problem of a lack of powder during formation close to tracks.



The average values of HAZ for each value of laser power are presented in Table 5. The average values of relative HAZ for each value of laser power are presented in Table 6.



The most significant values of the heat-affected zone were obtained with the Gaussian profile (from 190 to 760 µm). The character of the graphs changes with the increase in laser power: At low values of laser power, the graphs have almost linear behavior; for large values of laser power, the graphs have a wavelike character. The better results of the absolute values of the heat-affected zone for the higher laser power (more than 150 W) is shown the flat-top and the donut profiles.



The range of values of the relative heat-affected zone is similar to each of the laser profiles. Meanwhile, the character of the data distribution tends to the increase of the dispersion of the values of the relative heat-affected zone width. It should be noted that the period of the wavelike graphs for the high values of the laser power has a tendency to double with the change of the laser profile from Gaussian to donut.






4. Discussion


4.1. Industrial SLM Equipment with Higher Laser Power


Nowadays, most modern SLM equipment with the maximum available laser power of about 400–1000 W uses the Gaussian laser beam profile modified by an expander. The role of the expander is to make the laser power density distribution more or less uniform on the spot—in other words, to redistribute the amount of energy at the laser spot on the treated surface (variance σ2). The authors propose going further and changing the mathematical function of laser power density distribution in the laser beam as technology practice meets problems related to the loss of quality of the parts with the direct augmentation of SLM parameters [18]. Most works on SLM equipment now are related to medical and dental applications, which demands a higher quality of production according to the individual models. Then the operational power does not exceed 30 W. For the production of large parts with a length of more than 150 mm, such as hip-bone implants, there is an opportunity to use higher laser power (up to 100 W), but with additional post-mechanical machining and polishing to achieve the required roughness and accuracy of the product. These experimental and practical data are supported by the results of video monitoring by the High-Speed Sync (HSS) camera presented in Figure 13, which shows the excess of energy in the molten pool in the form of granule emission at laser power 32 W and a low-temperature plasma cloud at 50 W. In both the cases it influences on the quality of the building object as a loss of material through granule emission and laser ablation, theoretically up to 5–15% of the powder layer thickness, if we do not take into account the thermal shrinkage of the material.




4.2. Discussion on Results of Video Monitoring


The preliminary results of video monitoring of single-track SLM processing (Figure 13) showed an excess of energy in the molten pool, which influences on the quality of track deposition and their geometric characterization [86].



The energy of the laser beam reaching the surface of the powder carries radiation pressure and radiation heat, which partly absorbed by the surface of the powder and partly reflected into the environment [87]. The simple Gaussian profile of the laser beam creates overheating in the center of the molten pool and consequently large temperature gradients between the center and its periphery. When the center of the molten pool receives an excess of heat, it provokes evaporation of the melted material, and creates sparks and granule emission (Figure 13a) for a nominal value of laser power even in the working chambers of industrial machines [88,89,90]. It should be noted that, for higher values of laser power, the excess of energy leads to the formation of a plasma cloud [91], which accompanies the process (Figure 13b). At the same time, the periphery does not receive essential heat for starting the granules’ melting process [92], which leads to the presence of nonmelted granules, which dragged into the convective flows of the liquid material in the molten pool. When some of the non-melted granules with convective flow reach the center of the molten pool, they are emitted into the atmosphere due to the thermal impact in the center of the molten pool. Preheating of the substrate can partially solve this problem, but it does not change the overall picture. Another set of these granules continues in the convective flow up to the moment of solidification, and then stays on the surface of the solidified surface of the molten pool (Figure 14) [93,94].




4.3. Achievability of the Alternative Laser Profiles


Classical density distribution related to the Gaussian function does not uniformly distribute the energy in the laser spot. There is an excess of energy closer to the center of the molten pool and a lack of energy at its periphery. The purpose of this work is to achieve uniform laser power density distribution by optical modulation of the laser beam. Theoretically, the flat-top or top-hat density distribution is preferable. At the same time, the TFT mode is hardly achievable mathematically or practically. However, it is possible to achieve a function with a uniform peak of energy in the middle. At the same time, obtaining inverse Gaussian mode TEM01* is quite a simple task. The theoretically absorbed energy with the distribution of the energy in the form of a donut function is more uniform than Gaussian and flat-top ones [18]. However, the effect during experiments with introduced dynamics due to the constant movement of the laser beam is quietly unpredictable and needs research.




4.4. Influence of Laser Density Distribution on Geometry of the Tracks


Figure 9 shows that the widths of tracks for donut profile obtained in the field of factors with laser power less than 100 W have values close to or noticeably less than those for Gaussian profiles. At the same time, the effective diameter is three times less than the effective diameter of the Gaussian spot. This means that the donut profile can be suitable for the precise production of objects with laser power less than 100 W without the formation of a knife-like molten pool or too deep penetration into the substrate and its consequent interaction with subsequent layers, and reduces other negative consequences of the energy excess in the molten pool. Meanwhile, with values of laser power more than 100 W, the donut profile showed its ineffectiveness and a high rate of instability due to dynamic convective and diffusive flows related to features of heat and mass transfer in double-diffusive convection. This shows the potential field of the application as flat-top and donut coincide with a domain of the Gaussian profile use because of the possibility of obtaining more or less the same or even more precise values for the widths of tracks.



It should be noted that the flat-top beam provides a broader field of process parameters for more uniform formation of the molten pool (Figure 10c,d), which is preferable for SLM processing of powder thickness less than 80 µm (Figure 10b,d,f, blue field of values). This can be seen even better in Figure 15, where for the broad field of the depth values are presented only tracks with the depth of less than 60 ± 5 µm. With the thickness of the powder layer more than 80 µm, the donut laser beam profile can be recommended (Figure 10e,f, the red field of values) as it has a zone of “guaranteed” results.



The character of value depth distribution in the first technological gap (I) becomes irregular if, in the picture in Figure 10a,b, there can be seen regular dependencies for lower values of laser power; furthermore, it changes for flat top (Figure 10c,d) and becomes irregular towards donut (Figure 10e,f). The opposite tendency is noticed for the second technological gap.



It should be noted that the optimal value of track depth might be from one-third to two-thirds of layer thickness. For the thickness of powder layer ~80 µm, the thickness should be in the range 20 ± 60 µm to provide better metallurgical contact between the layers and at the same time exclude the involvement of the previous layers in the remelting process to ensure better metallurgical and chemical homogeneity. As is seen from the graph, the flat top provides a more complete technological field for homogenous and uniform track formation (Figure 10c,d). It is possible that the complete potential of the donut profile was not detected during the experiments due to the technological limitations of the equipment used (Figure 10e,f); this is a field for further research.



If we take as a criterion for stable track formation the ratio of depth to width of the track as 1:5, based on practical experience of working with SLM technology [18,83], it can be seen that the donut profile probably has the best prospects for further research (with laser power up to 1 kW and scanning speed up to 0.5 m/s). It shows high proportional stability at a laser power more than 130 W and scanning speed of more than 0.05 m/s. At the same time, the flat-top profile provides comparable stability for tracks in the first technological gap with laser power more than 70 W and scanning speed up to 0.05 m/s.



The graphs in Figure 11 for flat-top and donut laser profiles have a more regular character of HAZ values for the second technological gap than for the Gaussian beam (Figure 11b,d,f). It can be seen that the dispersion of values is quite intensive for laser power more than 100 W for Gaussian mode. At the same time, the values for laser power less than 100 W for the Gaussian mode show a regular and predictable character (Figure 11a). Its regularity increases with changes from Gaussian to donut mode. The absolute value of HAZ shows its decrease, with changes of mode for a few combinations of technological parameters, despite an increase in the value of effective diameter.



The lines of trends for average absolute and relative values of HAZ depending on effective diameter are presented in Figure 16. It shows that the redistribution of energy, despite a doubling or tripling of laser spot effective diameter, positively influences the formation of the track and keeps the absolute value of the HAZ close to the value for the Gaussian beam. At the same time, the relative value of HAZ has a decreased tendency for mean values of laser power and a moderately increased tendency for its higher values.





5. Conclusions


The experiments showed that power density distribution has an influence on the stability of processing when there is a gradual increase in the scanning speed and power of the laser source. All the theoretical laser beam modes were supported mathematically and obtained experimentally on the developed experimental setup. The results of modulation were verified by single track formation and the production of 3D objects from a CoCrMo alloy. The stability of processing was controlled optically; high-speed video recording provided data on the track-by-track sintering of the objects.



The application of the flat-top laser beam provided similar geometric parameters of the tracks, with a 14% augmentation of values for scanning speed and laser power in comparison with the Gaussian profile, which theoretically can allow for producing complex 3D objects with 14% higher efficiency. The same was achieved for the donut laser beam, but the general augmentation of the effectiveness may be about 43%. At the same time, the application of the donut profile gives such a bright, dynamic picture in the processing zone that higher values of the scanning speed may not provide the required quality for the obtained object layers.



It should be noted that the technical limitations of the used scanning head and laser source did not allow us to extend the experiments to the range of laser power 200–1000 W and do not unveil the full potential of the donut laser beam application, but it may have critical importance for the future of SLM technology.



The developed system of video monitoring is suitable for online control of the processing, which may have importance for the production of large-scale 3D objects or high-resolution objects. During the experiments, an advanced technique for reduction porosity of the samples was developed and applied. The obtained results can be extended to other techniques of laser additive manufacturing such as laser cladding, selective laser sintering of polymers or alloys reinforced by ceramics, and other laser-based 3D-printing techniques using liquid precursors as well as powders.
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Figure 1. Graphical representation of the main technological aspects of selective laser melting/sintering, parameters and conditions and their influence on the quality of the object. 
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Figure 2. The change in the intensity of the radiation profile depending on the characteristics of an input laser beam: (a) simplified presentation of laser beam mode in plane; (b) Gaussian beam; (c) flat-top or top-hat beam; (d) Airy disk; Iin is intensity of input beam, W·m−2; If is intensity of focused beam, W·m−2; Uin is the complex amplitude of the electric field for input beam, V; Uf is the complex amplitude of the electric field for focused beam, V; r is an effective radius of input beam, µm; ρ is an effective radius of focused beam, µm; σ2 is the variance or measure of the spread of random values, non-dimensional; F is focus, optical point of the system ; Δ is the distance between intermediate planes. 
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Figure 3. The power density distribution of laser radiation in different planes, near the focal plane of the lens: (a) Gauss; (b) flat top; (c) donut. 
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Figure 4. The data from a charge-coupled device (CCD) camera withe the obtained laser beam profiles: (a) Gauss; (b) flat top (top hat); (c) donut (bagel). 
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Figure 5. Classification of main SLM factors. 
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Figure 6. The principal scheme of the experimental setup: (a) optical and (b) mechanical parts. 
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Figure 7. 3D images of the obtained laser beam profiles detected by the CCD camera of the optical monitoring system: (a) Gaussian laser beam TEM00 mode, the effective diameter of the spot Deff = 111 µm; (b) small flat top TFT = TEM00 + TEM01* mode, effective diameter of the spot Deff = 260 µm; (c) large flat top; (d) donut laser beam TEM01* mode; the effective diameter of the spot Deff = 347 µm. 
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Figure 8. Optical microscopy of the single track cross sections: (a) Gaussian in the first process gap; (b) flat top in the first process gap; (c) donut in the first process gap; (d) Gaussian in the second process gap; (e) flat top in the second process gap; (f) donut in the second process gap. W is the track width; D is the depth. 
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Figure 9. General view of the single tracks: (a) Gaussian in the first process gap; (b) flat top in the first process gap; (c) donut in the first process gap; (d) Gaussian in the second process gap; (e) flat top in the second process gap; (f) donut in the second process gap. W is the track width; Cz is the optically measured width of a heat-affected zone. 
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Figure 10. Dependence of single track depth D (µm) on process parameters for CoCrMo powder: (a) bar graph for Gauss; (b) 3D graph for Gauss; (c) bar graph for flat top; (d) 3D graph for flat top; (e) bar graph for donut; (f) 3D graph for donut; an absence of metallurgical contact or not formed track during processing is marked as “0”. 
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Figure 11. Dependence of heat-affected zone width of single tracks on process parameters for CoCrMo powder: (a) for technological gap I of Gauss; (b) for technological gap II of Gauss; (c) for technological gap I of flat top; (d) for technological gap II of flat top; (e) for technological gap I of donut; (f) for technological gap II of donut. 
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Figure 12. Dependence of relative heat-affected zone width of single tracks on process parameters for CoCrMo powder: (a) technological gap I of Gauss; (b) technological gap II of Gauss; (c) technological gap I of flat top; (d) technological gap II of flat top; (e) for technological gap I of donut; (f) technological gap II of donut. 
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Figure 13. The result of video monitoring of SLM processing of CoCrMo powder (granule diameter d < 50 µm) by high-speed camera with 810 nm filter: (a) SLM parameters: nominal laser power P = 32 W, scanning speed V = 15 mm/s, thickness of the layer h = ~80 µm; (b) SLM parameters: nominal laser power P = 50 W, scanning speed V = 15 mm/s, thickness of powder layer h = ~80 µm. 
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Figure 14. Analytical model of the convectional flows and involvement of the raw powder into the melting process of the molten pool during selective laser melting. 






Figure 14. Analytical model of the convectional flows and involvement of the raw powder into the melting process of the molten pool during selective laser melting.



[image: Technologies 07 00005 g014]







[image: Technologies 07 00005 g015 550]





Figure 15. Dependence of the track depth on SLM parameters for CoCrMo powder for values less than 60 ± 5 µm: (a) Gauss; (b) flat top; (c) donut. 
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Figure 16. Dependence of average values of heat-affected zone (HAZ) on effective diameter for different values of laser power: (a) absolute value of HAZ for I technological gap for Vs = 0.005 ÷ 0.05 m/s; (b) absolute value of HAZ for II technological gap for Vs = 0.04 ÷ 0.1 m/s; (c) relative value of HAZ for I technological gap Vs = 0.005 ÷ 0.05 m/s; (d) relative value of HAZ for II technological gap Vs = 0.04 ÷ 0.1 m/s. 
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Table 1. The way of energy transformation from the laser source to the molten pool for selective laser melting/sintering.
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	The Way of Laser Energy Transformation
	Optimization on the Way to Reduce the Energy Loss
	Theoretical Level of Influence on SLM Efficiency
	Practical Level of Influence on SLM Efficiency





	1: Laser source
	Optimization of wavelength λ [3,69]
	~0.3–1%
	~0.5%



	2: Optic system
	Brightness enhancement of optic glasses [70]
	~1–2%
	~0.5%



	3: Powder absorption
	Coatings, structure of powder surface, pre-heating to reduce a temperature gradient, pre-drying to reduce porosity [71,72,73]
	~10%
	~10–15%



	4: Heat and mass transfer in a molten pool
	Optimization of laser power density distribution
	~2–3 times
	The subject of study
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Table 2. Process parameters for CoCrMo powder with variation of laser beam profiles.






Table 2. Process parameters for CoCrMo powder with variation of laser beam profiles.





	
Laser Beam Profiles

	
Effective Diameter Deff 1 (mm)

	
Group of SLM Parameters

	
Range of Values for Laser Power P (W)

	
Range of Values for Scanning Speed Vs (m/s)






	
Gaussian

TEM00

	
0.109

	
GAP I

	
30 ÷ 70

	
0.02 ÷ 0.05




	
GAP II

	
130 ÷ 150

	
0.05 ÷ 0.07




	
flat top

TFT = TEM00 + TEM01*

	
0.200

	
GAP I

	
50 ÷ 70

	
0.005 ÷ 0.03




	
GAP II

	
130 ÷ 170

	
0.04 ÷ 0.08




	
donut

TEM01* = TEM01 + TEM10

	
0.300

	
GAP I

	
50 ÷ 70

	
0.01 ÷ 0.03




	
GAP II

	
150 ÷ 173

	
0.05 ÷ 0.1








1 Effective diameter Deff was controlled by CCD camera.
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