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Abstract

:

Laser-based powder bed fusion of metals (PBF-LB/M) is the most used additive manufacturing (AM) technology for metal parts. Nevertheless, challenges persist in effectively managing metal powder, particularly in blending methodologies in the choice of blenders as well as in the verification of blend results. In this study, a bespoke laboratory-scale AM blender is developed, tailored to address these challenges, prioritizing low-impact blending to mitigate powder degradation. As a blending type, a V-shape tumbling geometry meeting the requirements for laboratory AM usage is chosen based on a literature assessment. The implementation of thermal oxidation as a powder marking technique enables particle tracing. Blending validation is achieved using light microscopy for area measurement based on binary image processing. The powder size and shape remain unaffected after marking and blending. Only a small narrowing of the particle size distribution is detected after 180 min of blending. The V-shape tumbling blender efficiently yields a completely random state in under 10 min for rotational speeds of 20, 40, and 60 rounds per minute. In conclusion, this research underscores the critical role of blender selection in AM and advocates for continued exploration to refine powder blending practices, with the aim of advancing the capabilities and competitiveness of AM technologies.
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1. Introduction


Additive manufacturing (AM) has emerged as a promising technology for industrialization, with laser-based powder bed fusion of metals (PBF-LB/M) representing one of its most advanced methodologies [1]. In the PBF-LB/M process, metal powder is incrementally melted layer by layer, conforming to the part geometry to solidify into functional metal components [2]. While the PBF-LB/M process is gaining traction, the handling of metal powder, a pivotal element influencing part quality and costs, remains mainly unstandardized. According to VDI 3405 part 2.7, powder handling typically encompasses sieving, machine filling and emptying, and storage, with occasional additional steps such as drying or blending [3].



The blend of two or more powder types is classified as solid–solid blending, aiming for a homogeneous, completely random state [4,5,6]. Powders are blended through particle movement. Neighboring particles may exchange their positions, blending the powder boundaries through a mechanism known as dispersion. Alternatively, groups of particles may exchange positions in a mechanism known as convection. Both blending mechanisms occur simultaneously and overlap [7]. Segregation is a potential opposing movement of the particles, influenced by particle characteristics such as size, shape, and density [6,7,8]. Two common segregation mechanisms are slip-of-slope and percolation. Slip-of-slope refers to the separation of particles when they hit a heap, causing small particles to remain in the center, while large particles accumulate at the edges due to higher impact forces [6]. Percolation, also known as the Brazil nut effect, describes segregation due to vibrations, which create voids that small particles fill, while large particles move to the top [9].



Though principal blending mechanisms are well understood, the blending step in powder handling for PBF-LB/M remains underexplored. This presents opportunities for various applications, including powder refreshing, achieving desired particle size distributions (PSD), or alloy fabrication [10,11].



Investigations into the reuse of metal powder revealed effects such as oxygen uptake and coarsening of the particle size [12,13,14]. The high reactivity of aluminum and titanium with oxygen increases the oxygen pickup during multiple reuses [15]. Raza et al. measured an increase in the oxide layer thickness on the AlSi10Mg particle surface from 5 to 35 nm over 30 months using a closed-loop XLINE 200R machine from Concept Laser GmbH, GE [16]. Quintana et al. reused Ti-6Al-4V ELI powder for 31 cycles, observing an oxygen content increase from 0.09 wt.% to 0.13 wt.% inside a powder capsule and to 0.11 wt.% in the powder sample [14]. Soltani-Tehrani et al. investigated Ti-6Al-4V grade 5 powder with a PSD of 20–53 µm. After eight reuse cycles (eight build jobs), they detected an increase of 1–2 µm in particle size and oxygen pick-up from 0.13 to 0.14 wt.% [17]. Delacroix et al. identified an increase of 2–3 µm over 15 build jobs for 316 L powder with a PSD of 20–45 µm [18]. Investigations into powder refreshing remain relatively scarce. Lutter-Günther et al. described two recycling strategies: refreshing with virgin powder or mixing with powder of the same reuse stage [19]. Refreshing can lead to reducing the overall oxygen content and preserving smaller particle size fractions (≤25 µm), thereby facilitating prolonged reuse and minimizing powder waste [12]. The mixing of powders with the same reuse stage allows for equal degradation [19].



Typical PSDs for PBF-LB/M range from 10–44 µm to 20–63 µm, with potential for cost and resource reduction through the utilization of increased atomization yields [11,20,21,22]. To create further PSDs, Young et al. mixed a 15–25 and a 35–48 µm powder with a Turbula mixer. Details on the blending parameters are not presented [11]. Haferkamp et al. blended 14–27 µm and 50–75 µm powders to investigate the influence of bimodal PSDs on the part density. The blending was performed with a rotating cylindrical drum for 2 h. Neither the choice of blender nor the selection of the blending parameters were further described [23].



The development of new alloys for PBF-LB/M runs through the entire production chain and is therefore elaborate and time-consuming, particularly when pre-alloyed and atomized powders are required for each alloy iteration. Consequently, preliminary tests are frequently conducted using blended alloy compositions, with the final alloy composition refined through melting and solidification during PBF-LB/M. Ensuring homogeneous blends is imperative for reliable alloy testing [24,25,26]. The following studies present insights about the usage of powder blending, particularly for alloy fabrication: Ekaputra et al. used ball milling to blend irregularly shaped pre-alloyed Al-7Ce-10Mg powder with Zr and Sc powders as well as pre-alloyed Al-10Zr and Al-10Sc powders. Neither the choice of blender nor the determination of blending parameters were described [27]. Huang focused on the corrosion behavior of pre-alloyed and mixed powders. Pre-alloyed Ti6Al4V3Cu was compared to a Ti6Al4V (97 wt.%) mixed with Cu (3 wt.%) in a Turbula blender. Blending parameters or choice of blending parameters are not declared [25]. Thamae et al. investigated the blending of irregularly shaped SiC and spherical Ti6Al4V powders with a rotary batch mixer. After blending for 30 min, agglomerates occurred. No further information on rotational speed or the choice of blender was provided [10]. Li et al. blended duplex stainless steel and pure Ni powders in PE bottles for 48 h to analyze remelting effects on the homogeneity of the chemical elements [28]. Handtke et al. used a Turbula mixer for 2 h to blend iron powder with broken ferroalloy particles and elemental particles for alloy fabrication [29]. Parker blended individual elemental powders for 15 min at 250 rpm using a 3D-Turbula-like mixer in a plastic container to fabricate a Ti-6Al-4V alloy [30].



From the investigated studies, it became clear that a tumbling blender is the preferred blending methodology. In the literature considered, blending times ranged from 15 min to 48 h. Meanwhile, despite the significance of powder blending, detailed information on blending methodologies and parameters remains scarce in the existing literature for PBF-LB/M, particularly concerning reuse purposes.



Priyadarshi et al. investigated particle tracking using a high-speed camera and ultrafast synchrotron X-ray imaging to observe ultrasonic atomization. This setup allowed for a detailed in situ observation of individual drops and their evolution into particles [31]. Kohlwes et al. used a high-speed camera for in situ spatter tracking, developing analysis software to count and trace spatter movement [21]. However, setting up a high-speed camera for particle tracing in a rotating blending container is challenging, as particles cannot be traced consistently throughout the rotation. While both methods show promise for in situ particle tracing in atomization and the LPBF process, these advanced methodologies are beyond the scope of this study. Instead, a particle tracing method is employed based on measuring samples taken before and after blending to trace particles and validate the blending results.



The novelty of this work lies in its comprehensive approach to addressing the deficiencies in current powder blending practices for LPBF. This study provides a decision path for blender selection based on specific requirements, demonstrates a statistically based choice of blending parameters, and presents a method to validate the blending results. By developing a specialized laboratory-scale blender and a unique particle tracing method, this study enhances the understanding of effective blending techniques while pioneering solutions for user safety, powder degradation, and segregation challenges. Given the limited availability of powder blenders tailored for laboratory AM use, this research aims to establish requisite blending requirements and assess their fulfilment through the development and implementation of a bespoke powder blending methodology. The novel particle tracing method developed to validate blending efficacy further advances the state of the art in AM powder handling and blending technologies.




2. Materials and Methods


2.1. Blender Development


The blending of two powders was classified as solid–solid blending. Blending aims to uniformize the powders in a completely random state [4,6,32]. The requirements for powder blending in AM were selected across various categories, which are listed in Table 1. All requirements represent essential demands for the blender development. Primarily intended for laboratory experimentation, the blender should feature a volume of 3 L for discontinuous blending. The frame should be designed to fit larger blending containers (up to l0 L). A flexible suspension system should allow revisions in container sizing and container geometry.



Notably, a low-impact blending process was prioritized to prevent powder degradation in terms of size and shape. The impact of a blending process is defined with the Froude number Fr in Equation (1) [5,33].


  F r =   r  ω 2   g   



(1)







The equation is composed of the blending or blending tool radius r, the acceleration due to gravity g, and the angular velocity ω. The Froude number is the dimensionless ratio of centrifugal to gravitational acceleration. The lower the Froude number, the lower the impact and shear stresses on the powder. Different blending types were categorized by Müller according to their Froude number [7].



Subsequently, a suitable blender type was chosen through a structured evaluation process. Principles were defined as suitability, homogenization, lab scale, low-impact blending, complexity, blending time, and cleanability.



The pre-selected blending types—tumbling, convective, and pneumatic—met the requirements of low-impact (Fr < 1) and discontinuous blending. A tumbling blender is characterized by a rotating container to create a powder movement. Convective blenders move powder through blades or paddles, while the container itself is fixed. For pneumatic blending, a gas such as air or Ar is inserted through multiple inlets, which creates powder movement [6,9,34]. The blender types were assessed per each selected principle on a 5-level scale oriented on VDI-2225 part 3 [35]. The assessment was based on literature and qualitative evaluation.



Market research revealed a lack of suitable blenders that meet all demanded requirements. There are some blenders available in sizes such as 3 L that fulfil the safety requirements of earthing and inert gas atmosphere in the container. The flexibility to change the tumbling geometry with a possibility of upscaling for containers up to 10 L is the biggest hurdle.



Given the unavailability of AM laboratory-scale blenders, a bespoke powder blender was developed. Following the guidelines of VDI 2221 “Systematic approach to the development and design of technical systems and products”, the development process adhered to a systematic approach, ensuring consideration of the requirements listed in Table 1 [36].



The requirements for safety were geared to VDI 3405 part 6.1 [37]. The developed blending container was subjected to safety testing, comprising gas-tightness assessments and frame stability. Therefore, the blending container was filled with 2 bar Ar and submerged in a water bath to detect escaping gas. The pressure was tested after 24 h to check for gas tightness. The frame’s stability was tested with 60 min rotation trials with two chamber-filling levels empty and filled with water at increasing rotational speeds of 20, 40, 60, and 80 rounds per minute (rpm). The stability and the vibrations were monitored during the tests by the operator.




2.2. Powder Marking


To assess the blending efficiency, differentiation of the powders based on a specific criterion was imperative. Particle differentiation can be achieved through various characteristics such as size, density, or color. Color was chosen as the distinguishing criterion due to its high discernibility and negligible influence on powder properties and flow characteristics. Thermal oxidation (TO) was employed to impart a distinct color appearance to the metal particles. With this method, the Ti-6Al-4V reacts with the atmosphere to form a TiO2 layer on the particle surface. The exposure time and temperature determine the thickness of the oxide layer [38]. In this study, a Ti-6Al-4V powder was subjected to a furnace at 550 °C for 2 h in the atmosphere.



The generated nanometer-thin layer of oxygen is characterized by unique light refraction properties, resulting in a colorful appearance: 25–40 nm purple, 40–50 nm dark blue, 60 nm light blue. Therefore particles are differentiable by color [39,40,41].



To assess any potential effects of the marking process on blending behavior, powder characterization and comparison were conducted between the original and marked powders. The characteristics were assessed using dynamic image analysis according to ISO 13322-2, comparing the size and shape of the marked versus original particles [42]. The Camsizer X2 from Microtrac Retsch was used for this analysis as shown in Figure 1. Grayscale images of the particles were transformed into binary images, and algorithms were employed to identify and measure the particle outlines, determining their size and shape [43].



Flowability assessments were conducted to ascertain the absence of any marking-induced alterations in flow characteristics using standardized methods. Apparent and tapped density measurements were conducted with a Hall funnel, following protocols outlined in DIN EN ISO 3923-1 and DIN EN ISO 3953 [44,45]. The Hausner ratio was determined as part of this assessment [46]. Additionally, the Hall flowability was measured according to DIN EN ISO 4490 [47].




2.3. Verification of Blending Grade


The Ti-6Al-4V powder was divided into three batches, each blended with 10% marked powder at varying rotational speeds of 20, 40, and 60 rpm. Samples were systematically collected from the top and the bottom of the blending container at predefined intervals ranging from 1 to 10 min to quantify the evolution of the blending grade over time.



The samples were placed on a double metal plate with eight flat holes (0.5 mm depth) on the top layer. With this thin powder layer, the samples were measured in an optical light microscope VHX5000 from Keyence without a third medium in the background. With image analysis software, the images were binarized to cluster-marked and original particles. The percentage of the area of the marked particles was measured per each image and the mean value was compared to the 10% marked particle content. The results were represented in a box plot diagram to present the mean values as well as the distribution of the eight single results.



Additionally, to ensure the prevention of particle degradation, the powders were characterized before and after a prolonged blending duration of 180 min. For comparative analysis, the individual particle shape and size of both the original and marked powders were measured. Subsequently, reference values were computed based on a 90:10 ratio derived from the measured data. These reference values served as benchmarks for evaluating the blending process. The results obtained from blending for 180 min at rotational speeds of 20, 40, and 60 rpm were then juxtaposed with the calculated 90:10 reference particle shape and size, enabling an assessment of blending efficacy [42].



The comparison between the calculated 90:10 values and the actual powder sizes achieved after blending served as a second validation method for assessing the blending result of the powder intended for further processing in the PBF-LB/M.





3. Results


3.1. Development of Powder Blender


3.1.1. Blender Type Assessment


To select a discontinuous, laboratory scale blending type, a pre-selection was made for the three blending types: tumbling, convective, and pneumatic. The advantages of a tumbling system are particularly the low complexity, which reduces the costs and enables thorough cleaning. In addition, tumbling blenders are completely dischargeable [34]. Tumbling blenders with a rotating housing have a higher risk of overall segregation than convective blenders due to the large amount of powder that is moved in one rotation [6,9]. The convective blender features a higher complexity with multiple rotating tools inside the container. The cleanability is more complex and time-consuming. However, the degree of blending is of high homogeneity due to higher shear stresses compared to a tumbling blender. The movement of the blending tools prevents segregation [6]. Convective blenders are more common for continuous usage [6]. The pneumatic system is limited in usability. To reduce explosion and combustion risks, as well as to prevent further oxidation of the particles, an inert gas like argon or nitrogen is recommended. This is a cost lever compared to the other systems, which can be flooded with an inert gas without refilling during operation. Care must be taken to ensure that the sinking speeds of the particles are as similar as possible so that segregation does not occur [6]. Pneumatic blending has a comparatively high energy input [8]. The assessment of the tumbling, convective, and pneumatic blenders is summarized in Table 2.



The highest rating for the set requirements was obtained for the tumbling blender geometry. The tumbling blenders were classified with Fr < 1 by Rumpf. They are characterized by a low centrifugal force to gravity ratio and, therefore, have a low impact on the blend material [7]. Tumbling blenders feature low complexity, easy cleaning, and comparatively low costs. From the two most common tumbling geometries, the double-cone-shape and the V-shape, the V-shape was more promising for higher blending efficiency and simple cleaning [6,48]. This led to a decision for a V-shaped blender.




3.1.2. Development


First, the concept of a V-shaped blending container was developed, as shown in Figure 2a. Second, the V-shaped container was designed in CAD software (Inventor 2021) with all features integrated (Figure 2b). In the third step, the V-shaped container and the test rig were built (Figure 2c). Within the frame built of profiles, a rotation axis was constructed, driven by a brushless DC motor via a coupling mechanism and a planetary gearing system supported by spherical roller bearings. This setup accommodated the attachment of containers with a high degree of flexibility, allowing for variations in size and geometry. The electronic infrastructure, including a power supply unit, was centralized within a control cabinet, which also featured an integrated emergency stop switch for safety. Operational control of the motor was facilitated through a control unit interfaced with the manufacturing software, enabling the precise adjustment of rotational speed.



The sensors for monitoring the oxygen content and the overpressure were installed in the T-connection shown in Figure 2b. The oxygen content was measured when flooding with the inert gas, Ar. During blending, the overpressure was monitored to avoid gas leakage. The container was mounted using two attached wings, which were fixed to the test stand with two screws on each side. Figure 2c provides a visual representation of the blender test rig.



To assess the gas tightness of the container, a water bath test was performed. Minor adjustments to the wing nuts at the flanges on both legs allowed the gas to be trapped inside the container without any visible leakage. The container was kept at a pressure of 2 bar for 24 h. The test rig showed no vibrations or movement with an empty container at the three rotational speeds. When filled with water, slight vibrations were noticed without further movement at 60 rpm. The results met the requirements, which allowed for the blending of metal powders.





3.2. Verification of Blending Grade


3.2.1. Particle Marking


To mark the original powder as shown in Figure 3a,c, the furnace settings of 550 °C for a duration of 2 h led to the formation of an oxide layer approximately 40–50 nm thick, which manifested as a blue hue, as presented in Figure 3b,d. This enabled differentiation from the original gray particles.



To ensure comparability between the marked and original particles, the powder characteristics’ size, shape, and flowability were measured. Figure 4 depicts the frequency distribution of the particle sizes, revealing that the presence of the additional oxide layer did not induce significant coarsening.



The particle shape and the 10, 50, and 90% deciles are presented in Table 3. Notably, the morphology remained largely unaffected by the marking process, with a slight inclination towards increased regularity observed. Regarding the PSD, a minor reduction in fine particles was evident, accompanied by a slight rise in the D90 value.



The influence of the marked particles on the flowability was tested with a Hall funnel. The results for the apparent and tapped density, Hausner ratio, and Hall flowability are presented in Table 4.




3.2.2. Blending Result


To determine the required blending duration at different rotational speeds, samples were collected every minute until reaching a 10 min interval for 20, 40, and 60 rpm rotational speed. The images taken with the light microscope are shown in Figure 5 for samples taken at the blending times of 1, 5, and 10 min at 20 rpm. The increase in marked particles was visible with increasing time. After 1 min, only a few single marked particles were detected. After 5 min, predominant clusters of the marked particles were detected. After 10 min, the marked particles were evenly distributed in the samples investigated.



In Figure 6, the percentage of marked particles detected in each sample over the blending time is shown. The desired blending result for 10% marked particles is highlighted by a blue bar. Notably, the slowest rotational speed of 20 rpm necessitated the longest duration, taking 9 min to achieve the 10% target. Conversely, at 60 rpm, 10% of marked particles were reached within 3 min. For the rotational speed of 40 rpm, 10% of marked particles consistently appeared after 5 min of blending.



During a prolonged test comprising 90% original and 10% marked particles, the blend was rotated within the blender for 180 min. Any occurrences of abrasion or deformation among the particles were assessed using dynamic image analysis; the results are presented in Table 5.



Following the 180 min blending period, no evidence of degradation or abrasion could be detected. The standard deviation of particle shapes remained below 0.01, indicating no significant change. However, a slight increase in particle size was observed for D10 and D50, while a marginal decrease was noted for D90. The blending results were measured at 1 min intervals for 10 min, and then at 5 min intervals for another 30 min (total blending time 40 min), and subsequently in 1 h intervals. The results for a rotational speed of 40 rpm are presented in Figure 7.






4. Discussion


4.1. Blender Development


The selection of a blender type was based on a literature study aiming for an objective comparison of different blender types. The requirements for discontinuous blending in a test rig with the flexibility to test for multiple blending geometries and an upscaling possibility limited the blending types to the pre-selection of tumbling, convective, and pneumatic blenders.



The tumbling blender features the lowest complexity of the three pre-selected blender types without a pneumatic system or rotating tools. The higher shear stresses from the convective system leading to a higher homogeneity described by Paul et al. do not overcome the overall higher complexity and increased cleaning effort or the greater effort required for the complete emptying of the container [6].



The higher complexity of the pneumatic system increases the complexity of upscaling. Combined with the higher inert gas and energy input, as stated by Schubert, the tumbling geometry reaches a higher score for the overall assessment [8]. Different requirements may lead to different blending geometry choices.



In investigations from Young et al. and Song et al., for example, a Turbula mixer is used for PSD generation or alloy fabrication [11,49]. The choice of blender is not described, but the blending principle is similar to the V-shaped blender used in this study. This can be based on similar requirements for simple complexity and a low-impact blending process.




4.2. Handling of Powder Blender


The handling of the test rig, particularly concerning the flooding process with inert gas to shield the powder from oxygen, necessitates a more user-friendly option. Presently, both oxygen and overpressure sensors are positioned atop the V-container legs (Figure 2b), facilitating their utilization during bottom flooding. Attaining a low oxygen content (<500 ppm) at the container’s top guarantees complete flooding. Argon features a higher molar mass than air. During powder infilling, the V-shaped container must be oriented with both flanges of the V-shape upwards (as oriented in Figure 2) to enable filling by gravity. Tracking overpressure ensures safe operation, mitigating the risks posed by tiny leaks that may compromise the container’s overpressure. The overpressure sensor, selected as the operational sensor, ensures the prompt detection of any oxygen influx resulting from pressure equalization, thereby averting potential hazards. Nonetheless, enhancements in sensor integration within the powder blender could increase operational efficiency. For instance, implementing an adapter accommodating both sensors could streamline operations, thus reducing the number of manual steps and improving automation. Improvements such as simplifying the mounting process through a single clamping movement and reducing manual work warrant consideration for future usage and upscaling endeavors.




4.3. Safety


Equipotential bonding of the test rig was implemented as recommended in VDI 3405 part 6.1 [37]. Gas tightness was determined in the initial tests with increased pressure and during blending by overpressure monitoring. As a result, both the safety of the powder (no additional uptake of oxygen (O2 < 500 ppm)) and the safety of the user can be ensured by preventing explosions. The test rig showed a qualitatively assessed high degree of stability during the initial tests, which was confirmed during operation. No movement of the test rig was detected. The slight vibrations do not represent a safety risk. This shows that the construction and manufacturing of the powder blender test rig met the stability requirements.



To prevent the powder from degeneration, a Froude number Fr <1 was selected based on the blender categorization by Rumpf [33]. While higher centrifugal forces affect particle integrity, empirical evidence is lacking as to what Froude number particle properties are compromised for PBF-LB/M. However, optimal blending with minimal impact within an acceptable timeframe remains paramount.




4.4. Methodology for Blending Grade Verification


Tracing particles for blending validation poses challenges necessitating the careful consideration of characteristics and methodological approaches. The choice of tracing characteristics, including particle alloy, shape, size, and color, influences the selection of suitable validation methodologies.



Variations in the chemical composition of the particles were not considered in the blending task in this study. As stated by Dietrich et al., chemical composition is a major influencing factor for the melting behavior of the powder and the mechanical properties of the printed parts [50]. This is why the verification of the blending result via chemical composition is only suitable for initial operation and alloy fabrication. To allow fabrication, a high homogeneity is crucial for the processing of the powder. The differences in density affect the flowability of the powder, which is why the blending result will be affected by blending with different alloys. Elemental assessment methods such as inductively coupled plasma optical emission spectroscopy (ICP-OES) can help in the evaluation of compositional differences and it can be used as a validation method for alloy fabrication [51].



The shape of the particles has a significant influence on the flowability and blending behavior of the powders, whereby irregularly shaped particles can cause a reduction in blending quality or an increase in blending time [52]. Recognizable differences between particle shapes occur with different atomization technologies [53]. With the same atomization technology, the differences are small. The shape criterion can therefore be used when blending powders with different atomization processes. Strategies for differentiating between spherical and irregular shapes are required for image-analytical tracing, which is currently a major challenge. A qualitative assessment can be performed using SEM images, as described by Young et al. [11].



Particle size plays a critical role in flowability, with smaller particles exhibiting higher interparticle forces and potentially leading to agglomeration [52]. Despite challenges, particle size offers the advantage of convenient measurability through PSD measurement methods like dynamic image analysis, facilitating statistically relevant assessments [42]. The dynamic image analysis method reveals a homogeneous distribution of particle sizes, a crucial observation, especially in applications involving the production of specific particle sizes by blending powders of varying sizes. An essential advantage of this method is that the powder remains viable for the intended PBF-LB/M process.



Thermal oxidation enables differentiation through oxide layer build-up, providing a precise solution for particle tracing. Challenges such as the influence of the oxide layer on powder morphology or flow behavior were addressed through particle size, shape, and flowability analysis, confirming its suitability for blending validation. The negligible influence of the oxide layer on the powder properties ensures that the blending results remain unaffected. Extensive image analysis leads to operational limitations. The additional oxide layer makes the color-anodized powder unsuitable for further use in PBF-LB/M, as the higher oxygen is a risk for brittleness in the parts [54]. The in situ methods developed by Priyadarshi et al. and Kohlwes et al. have the advantage of tracking particles without the need for marking them [21,31]. These methods are therefore more suitable for powder intended for processing in PBF-LB/M. However, these methods have limitations regarding accessibility to the powder during the mixing process.



During the area measurement using binarized microscope images, it was observed that approximately 1–2% pt. more area was counted than what was actually marked. This discrepancy was primarily due to light reflections on the spherical particle shapes and their shiny surfaces. Additionally, higher radiation in the edge areas, caused by the angle of incidence of the light, contributed to the discrepancy. Despite this effect being consistent across all images, the decision was made to evaluate the larger image section. Though analyzing only the image core could have provided a more precise analysis, it would have resulted in a smaller sample size and less comprehensive information about the overall blend. Therefore, opting for the larger image section was selected as a reasonable compromise. A qualitative assessment by the analyst supported this method, acknowledging a consistent exaggeration of the results to capture the essence of the overall outcome.



In a direct comparison of the particle size and color criteria, the dynamic image analysis generally yielded a lower quality value compared to area measurement, but provided higher quantitative accuracy. Therefore, a combination of both methods is recommended to ensure thorough validation of the blending outcome. Additionally, exploring alternative validation methods, such as determining chemical elements, should be considered, particularly for fabricating new alloys, to further enhance the validation process and ensure the integrity of the blended powders.



Overall, despite the complexities involved in particle tracing, the thoughtful consideration of characteristics and methodological approaches enables the effective validation of blending processes in additive manufacturing. This allows hurdles to be overcome to ensure the accurate assessment and optimization of powder blending techniques. Furthermore, this approach expands validation possibilities throughout the entire powder handling process, validating the design of handling components.




4.5. Blending Result


The blending outcome met the requirements, with the desired blending degree achieved swiftly in under 10 min, particularly at higher rotational speeds. At the beginning of the blending process, the two powders (the marked and the original) were completely separated from each other. During blending, accumulations of marked particles were distributed between the original particles, which can be seen in Figure 5, after 5 min. With increasing blending time (10 min at 20 rpm), the blending mechanisms of convection and dispersion moved the particles to a homogeneous random distribution, which is shown in Figure 5. Quality assessments with sampling at several points (on top of both legs and the bottom) in the V-blender ensured that the blend result could be checked over the entire powder. The sampling at several points was inspired by DIN EN ISO 3954, which recommends the use of a powder thief at different positions for representative sampling [55]. It revealed homogeneous particle distribution as described as a completely random state by Daumann and Nirschl [4] and negligible degradation, reaffirming the blend’s integrity. Only a small narrowing of the PSD after 180 min occurred. The removal of smaller particles (<30 µm) due to higher sticking in the V-shaped container because of higher inter-particle forces led to a D10 increase of 1 µm on average. The decrease of an average of 3 µm of the D90 value could have been caused by a break-up of agglomerates. The reliability of the results is reflected in the low standard deviations. Minor particle size deviations are typical in powder handling processes, as described by Tang et al. and Yusuf et al., posing minimal concern for degradation through blending [13,56]. Extensive testing corroborates blend stability and suitability for further usage, notwithstanding potential segregation risks inherent in the V-shaped design. Overall, the blend quality was sufficient, with further considerations of cost implications and operational efficiency warranting attention.





5. Conclusions


In this study, the feasibility of particle marking with thermal oxidation was demonstrated, showcasing minimal impairment of particle characteristics. However, validating the blending results presented challenges, which were addressed using two approaches: area measurement using binarized light microscopy images for initial operation and dynamic image analysis for assessing the blending result of powder intended for further processing in the PBF-LB/M. Metal powder blending with a V-shaped tumbling blender proved satisfactory, achieving the desired blending outcomes efficiently in under 10 min without significant degradation of the particle morphology.



Main findings:




	
The tumbling blender emerged as the preferred option in AM applications, balancing performance, low complexity, and scalability.



	
The implementation of particle tracing using thermal oxidation enabled the effective differentiation of powders for thorough blending validation for initial operation.



	
The impact of the blending process with Fr < 1 was low enough not to affect the particle properties, size, or shape.



	
A blend with a completely random state could be achieved in 3 min at 60 rpm and in under 10 min at 20 rpm.



	
Handling procedures, particularly concerning inert gas flooding, require optimization to enhance operational efficiency and safety.








In conclusion, the choice of blender type in additive manufacturing (AM) is a critical decision, dictated by specific requirements and considerations. While significant progress has been made in understanding and optimizing powder blending processes in AM, there remains room for improvement in terms of handling. Continued research and development efforts focused on addressing these challenges of handling and verification will drive further innovation and efficiency in powder blending practices, ultimately advancing the capabilities and competitiveness of additive manufacturing technologies.
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Figure 1. Schematic drawing of the Camsizer X2 setup as originally published in [43]. 
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Figure 2. (a) Technical drawing of V-shaped container and cross section; (b) CAD images of V-shaped container with mountings; and (c) image of blender test rig. A means the direction of gas flow. 
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Figure 3. Particle marking before and after (a–d). 
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Figure 4. Diagram of the frequency distribution of the original and marked powder. 
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Figure 5. Light microscopy images and processed images of powder samples from the image analysis software after 1, 5, and 10 min blending at 20 rpm. 
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Figure 6. Diagram of the percentage of marked particles over time for 20, 40, and 60 rpm rotational speed. 
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Figure 7. Diagram of the percentage of marked particles over 180 min for 40 rpm rotational speed. 
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Table 1. Excerpt of the requirement list for the powder blender.
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No.

	
Category

	
Requirement Description

	
Target






	
1.1

	
Container

	
Volume of the blend container

	
3 L (up to 10 L)




	
1.2

	
Low surface roughness

	
<1 µm Ra




	
2.1

	
System Architecture

	
Flexible suspension system for interchangeable containers

	




	
2.2

	
Discontinuous blending

	




	
3.1

	
Kinematics

	
Electric drive with defined rotational speed

	
20, 40, 60 rpm




	
4.1

	
Interfaces

	
ISO-Standard interfaces

	
KF 40




	
4.2

	
Possibilities for sampling during the process

	
(>1 places)




	
4.3

	
Adapter unit for inert gas filling from stationary pipeline

	




	
5.1

	
Monitoring

	
Oxygen content monitoring at filling

	
<500 ppm




	
5.2

	
Overpressure measurement at operation

	
<4 bar




	
6.1

	
Safety

	
Earthing of all components and the entire system

	




	
6.2

	
Tightness against solid (powder) and gas

	
<3 bar




	
6.3

	
Inert gas atmosphere in the blend chamber

	
Ar or N




	
6.4

	
Emergency stop switch

	




	
6.5

	
Preservation of particle characteristics (size, shape, chemistry)

	











 





Table 2. Blender Type Assessment.
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	Principle
	Tumbling

Blender
	Convective

Blender
	Pneumatic

Blender





	Suitability
	[image: Jmmp 08 00151 i001]
	[image: Jmmp 08 00151 i002]
	[image: Jmmp 08 00151 i003]



	Homogenization
	[image: Jmmp 08 00151 i002]
	[image: Jmmp 08 00151 i001]
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	Lab Scale
	[image: Jmmp 08 00151 i001]
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	[image: Jmmp 08 00151 i002]



	Low-impact Blending
	[image: Jmmp 08 00151 i001]
	[image: Jmmp 08 00151 i003]
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	Complexity
	[image: Jmmp 08 00151 i001]
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	Blending Time
	[image: Jmmp 08 00151 i002]
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	[image: Jmmp 08 00151 i002]



	Cleanability
	[image: Jmmp 08 00151 i001]
	[image: Jmmp 08 00151 i004]
	[image: Jmmp 08 00151 i001]



	Total
	[image: Jmmp 08 00151 i001]
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Assessment: [image: Jmmp 08 00151 i001]very good , good [image: Jmmp 08 00151 i002], fair [image: Jmmp 08 00151 i003], unsatisfactory [image: Jmmp 08 00151 i004], fail [image: Jmmp 08 00151 i005].













 





Table 3. Morphology of original and marked powders.
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	Powder
	Ø SPHT
	Ø Symm
	Ø w/L
	Ø D10

in [µm]
	Ø D50

in [µm]
	Ø D90

in [µm]





	Original
	0.878
	0.929
	0.863
	36.4 ± 0.2
	51.7 ± 0.1
	96.5 ± 0.0



	Marked
	0.884
	0.939
	0.880
	34.0 ± 0.8
	52.1 ± 0.3
	98.6 ± 2.5



	Delta
	+0.006
	+0.010
	+0.017
	−2.4
	+0.4
	+2.1










 





Table 4. Powder flowability with Hall funnel of standard and marked powders.
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	Powder
	Apparent Density

in

[g/cm³]
	Tapped Density

in

[g/cm³]
	Hausner Ratio
	Hall Flowability

in

[s/50 g]





	Original
	2.46 ± 0.01
	2.83 ± 0.01
	1.15
	23.1 ± 0.08



	Marked
	2.45 ± 0.00
	2.80 ± 0.01
	1.14
	24.3 ± 0.29










 





Table 5. Powder size degradation after 180 min at different rotational speeds.
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Characteristic

	
90:10

	
20 rpm

	
40 rpm

	
60 rpm






	
Particle shape

	
Ø SPHT

	
0.879

	
0.875

	
0.877

	
0.877




	
Ø Symm

	
0.930

	
0.927

	
0.931

	
0.929




	
Ø w/l

	
0.864

	
0.859

	
0.866

	
0.863




	
Particle size

	
Ø D10

	
36.1

	
37.6 ± 0.7

	
36.4 ± 0.9

	
37.1 ± 0.8




	
Ø D50

	
55.4

	
56.9 ± 1.1

	
54.8 ± 0.7

	
55.2 ± 1.0




	
Ø D90

	
110.4

	
108.4 ± 0.7

	
106.5 ± 0.6

	
106.9 ± 0.9
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