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Abstract 

As one of the major additive manufacturing (AM) techniques, laser powder bed fusion (PBF-

LB) of polymers is of great interest for prototyping and flexible small-scale production of 

geometrically complex parts. Since polymer powders have material-related limitations 

regarding their processability, the modification and control of their optical and thermal 

properties have become decisive factors in PBF-LB. In order to expand the material variety, 

nano-functionalization captures high interest and even small nanoparticle loadings 

(≤ 0.1 wt%) affect the processing behavior. One challenge of nanoparticle-functionalization 

is nanoparticle dispersion and therefore also avoiding aggregates with sizes of hundreds of 

nm up to the µm-range, which may influence laser absorption, heat conduction, melting, or 

resolidification behavior, and could negatively affect the properties of the final part. 

However, a deep understanding of the interplay between the PBF-LB process and small 

mass fractions of nanoparticulate additives in the ppm range is required in order to exploit 

the potential of nanoparticle additivation. In this thesis, colloidal additivation is introduced 

as an approach to create nanoparticle-functionalized polymer powder materials for PBF-

LB. Since colloids used in this approach are synthesized by laser ablation and laser post-

processing in liquids, this thesis also aims to develop a deeper understanding of these laser-

based synthesis methods. Research was conducted on the process kinetics and determinants 

of colloidal additivation based on adjustment of electrostatic interactions between 

nanoparticles and polymer microparticles. The effects of the nanoparticle material, its 

optical properties, and degree of dispersion on PBF-LB were investigated for different 

polymer-nanoparticle systems based on polyamide 12 and thermoplastic polyurethane. This 

thesis emphasizes the extraordinary importance of nanoparticle dispersion rather than just 

considering their mass loading (wt%), and sets out for a new way to functionalize parts 

generated by PBF-LB.  
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1 Introduction 

Additive manufacturing (AM), which is typically referred to as 3D printing, has 

fundamentally changed the way we create objects, which has resulted in profound socio-

economic changes [1,2]. Starting right from a digital design, AM combines a printer and a 

tailored material to generate customized 3D parts. Due to its versatility and wide range of 

applications, including aerospace and automotive, from aerospace and automotive [3], 

catalysis [4], medicine [2], construction [5] and the food industry [6], the use of AM has 

shown dynamic growth and has transformed traditional markets and supply chains [3,7]. 

Initially, components made by AM were used in rapid prototyping; however, the technology 

has evolved towards rapid manufacturing and industrial mass customization of technically 

sophisticated components [8,9]. One of the main methods for AM of polymers is laser powder 

bed fusion (PBF-LB, according to ISO/ASTM 52900). However, PBF-LB is limited to only 

a few polymer powder materials that are available for complex processing tasks, and the 

market is dominated by the standard material polyamide 12 (PA12) [10]. Expanding the 

material portfolio beyond the PBF-LB standard material toward other engineering and high 

performance polymers is challenging [11]. It is necessary to design the material specifically 

for the PBF-LB process, which requires a profound understanding of the relationship 

between the powder and the process parameters, as well as between the resulting 

microstructure and the final part properties.  

Apart from preparation of new powders by dry and wet grinding [12,13], precipitation [14] 

or melt emulsification [15], the modification of powders by additivation with organic and 

inorganic micro- and nanoadditives allows adaption of the powder properties to the PBF-

LB process, which improves processing and final part properties [16,17]. Nanomaterial 

loadings are commonly expressed as wt% without further information of their dispersion, 

which strongly depends on the additivation method [16,18]. Most of the conventional 

additivation methods, like dry coating or melt compounding, substantially result in 

nanoparticle aggregation and weak dispersion [16,19,20] since they typically use aggregated 
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nanomaterials from gas phase synthesis. Even small nanoparticle loadings (≤ 0.1 wt%) can 

affect the PBF-LB processing [21–23] and it can be assumed that the dispersion of 

nanoparticles, especially on the polymer particle surface, plays a decisive role during PBF-

LB; e.g., influencing laser absorption, heat conduction, and melting or resolidification 

behavior. Therefore, addressing these low filler loadings with highly dispersed nanoparticle 

coatings is of significant interest.  

The need for high dispersion is also known from other fields. For example in heterogeneous 

catalyst [24–29], where colloidal additivation can be utilized in order to achieve homogeneous 

surface decoration of inorganic particles by pH-controlled adsorption of colloidal 

nanoparticles [30–32]. Laser synthesis and processing of colloids (LSPC) is an ideal method 

for generating the colloids needed for colloidal additivation [33]. Not only are laser-generated 

nanoparticles free of surfactants that results in a higher adsorption (supporting) efficiency 

[32], but they also contain a high degree of surface defects caused by partial oxidation, which 

increases their electrostatic stability and therefore their dispersion on the support [34,35]. 

As a flexible one-step synthesis without chemical precursors, laser ablation in liquids is also 

applicable to liquid monomers [36,37], polymer solutions [38], and inks [39]. This is of 

significant interest for nano-additivation of materials for AM; e.g., base material for resins, 

filaments and powders, but for such an application, high productivity of LSPC is crucial. 

Additionally, it is known that laser-induced cavitation bubbles play an important role in 

nanoparticle formation and productivity [40]. However, there are still knowledge gaps when 

it comes to understanding nanoparticle formation and bubble dynamics during laser 

synthesis, especially in viscous liquids like monomers, polymer solutions, and inks. 

This thesis is built on the approach of transferring the colloidal additivation from 

heterogeneous catalysis to the production of functionalized polymer powders using laser-

generated colloids. By focusing on the following four aims, this thesis will make substantial 

contributions to finding new nanoparticle-functionalized polymer materials, tailored for AM: 

1. Synthesis of nanoadditives for AM via LSPC and investigation of the cavitation 

bubble dynamics during laser ablation in viscous liquid 

2. Achieve high dispersion of nanoparticulate decoration on polymer microparticles for 

PBF-LB 

3. Utilize highly dispersed nanoparticle-functionalization to manipulate the 

processability of the feedstock powder via CO2 and diode laser PBF, especially at 

small nanoparticle loadings ≤ 0.1 wt% 

4. Introduction of new functionalities in printed parts through additivation of the 

feedstock materials with highly dispersed nanoparticles  
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After discussing the theoretical background in Chapter 2 (Figure 1), the experimental 

methods are presented in Chapter 3. Based on the four aims, this thesis addresses the topics 

of LSPC, colloidal additivation of polymer powders, PBF-LB of functionalized powders, and 

applications for 3D printed parts.  

Using high speed imaging, laser-induced cavitation bubbles are investigated in liquids with 

high viscosities, similar to monomer and polymer solutions used in AM (Chapter 4), which 

is expected to enable a better understanding and control of nanoparticle formation and 

productivity. Laser post-processing (LPP) is investigated as a method for manipulating the 

size of magnetic nanoparticles, which could facilitate new magnetic-functionalized materials 

for AM [41–43]; e.g., design of 3D printed magnetic structures [39,44,45]. 

Following discussion of nanoparticle synthesis, a new approach is introduced in Chapter 5 

for the production of nanoparticle-functionalized feedstock materials for PBF-LB by 

colloidal additivation, which proves the applicability of the colloidal additivation route 

known for inorganic supports. With the model system PA12-silver, this chapter introduces 

nanoparticle-functionalized powder material for PBF-LB and outlines the difference between 

mass specific and surface specific nanoparticle dose. Analytical methods, including 2D and 

Figure 1: Process route toward nanoparticle-functionalized powders: investigation of laser synthesis of 

nanoparticles in high viscosity liquids and LPP of oxide nanoparticles. Application-specific nanoparticles are 

adsorbed on polymer microparticles after laser synthesis and processing of colloids to produce nanoparticle-

functionalized powders that are qualified for powder bed fusion. 
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3D imaging techniques, are used to investigate the relevant parameters for successful 

colloidal additivation, focusing on the correlation of surface properties (e.g., Zeta potential) 

and deposition time constant, yield, and quality. This chapter also presents the upscaling 

potentials of colloidal additivation toward the kg-scale of polymer powder, with a focus on 

developing a continuous process system to generate enough powder for PBF-LB.  

For development of nanoparticle-functionalized powders, it is essential to understand how 

nanoparticle size, dispersion, and nanoparticle load affect processability during PBF-LB. 

Therefore, Chapter 6 analyzes the nanoparticle-material-related effects during PBF-LB. 

Laser absorption can be tuned, e.g., by plasmonic nanoparticles that act as photothermal 

sensitizers that enhance absorption at 445 nm, which allows PBF with a diode laser. 

Furthermore, the influence of nanoparticles on the melting and resolidification behavior of 

the polymer is investigated. 

Finally, Chapter 7 provides examples of new additive manufactured plasmonic, magnetic, 

and antibacterial functionalized feedstock materials based on LSPC and colloidal 

additivation of polymer micropowders, which highlights the potential of high dispersion for 

enabling new functionalities of the final part. 
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2 State of the Art 

After a general overview of the field of AM, the following chapter gives an introduction into 

the PBF-LB process and its possibilities and limits when it comes to printing complex parts. 

The importance of the polymer powder materials for PBF-LB and the complex relation of 

process and powder is underlined. This chapter will further continue with the potentials of 

nanoparticle-composites for PBF-LB as an established method to introduce new 

functionalities into the powder and the final part. In addition, different methods to achieve 

nano-additivation are specified and the typical problem of aggregation of nanoadditives is 

pointed out. Laser synthesis and processing of colloids (LSPC) is introduced as a green 

synthesis route for generation of highly dispersed nanoparticle colloids in a variety of liquids. 

The state-of-the-art section also covers the knowledge of the involved mechanism during 

laser ablation in liquids (LAL). Finally, the fundamentals of colloidal additivation are 

introduced, a method to homogeneously adsorb nanoparticles on a support structure to 

create nanoparticle-composites.  

2.1  The advent and rise of additive manufacturing 

In the world of manufacturing, additive technologies represent a relatively small and young 

discipline. Instead of creating an object by removing material, AM (often referred to as “3D 

printing”) creates an object layer by layer from a material feedstock. After the first attempts 

to create 3D objects by AM in the 1960s, it took until 1987 for a first commercial AM 

machine, using stereolithography (SLA) [46], where the object was built by localized light 

induced polymerization of a resin. Today, many industries are accelerating implementation 

of 3D printing technologies, while 4D printing of smart structures is already entering the 

market [39,47–51] and trends like nanoscale 3D printing come within reach [52]. A multitude 

of AM methods exists to create complex objects right from a 3D computer-aided design (3D 

CAD) file in a rapid process (Figure 2)[7,53,54]. Fused deposition modelling (FDM) for 

example dominates the market for home use and finds applications in building large scale 
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parts (several meters) within a relatively short time span by well-established and cheap 

material extrusion. Similar to FDM, printing of concrete can be used to print complete 

houses [55,56] and even printing of food via material extrusion finds relevant applications 

[57]. In addition, binder jetting, light polymerization techniques (e.g. SLA), powder bed 

fusion (PBF), and direct energy depositions (DED) play an important role for industrial 

applications [7]. In 2018, approx. 28 % of the industries in Germany used AM for 

prototyping or small-scale production [58]. While SLA is limited to polymers, binder jetting 

is an approach to fabricate 3D parts from sand and ceramic (e.g. casting forms), metal, glass 

or polymer powders in combination with polymeric binders [59]. Compared to binder jetting, 

PBF has proven to have greater potential for manufacturing final parts for end-use 

applications, since it comes with higher resolution and better mechanical strength than 

binder jetting parts. Furthermore, PBF and DED not only work for polymers, but are well 

established for the fabrication of advanced metal parts [60]. They use lasers, electron beams 

or IR sources to fuse powder particles to a 3D object.  

Figure 2: (a) Important classes of AM technology according to DIN EN ISO/ASTM 52900:2018. (b) Publications 

per year and (c) growth rate of publications in the field of AM based on publication count from Web of Science™ 

(Thomson Reuters) between 2000 and 2018 (Searched for the TOPIC “Additive manufacturing”). The number 

of publications related to AM increased dramatically since 2010.  
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The largest industry sectors, where AM techniques are applied, are the automotive and 

aerospace industries [61]. In 2015, Frost and Sullivan predicted a 15 % growth per year of 

the AM market until 2025, driven by a trend toward cost-effective manufacturing and rapid 

production [62]. Together, aerospace, automotive and medical industry account for more 

than 50 % of the growth in AM. The exponential growth rates are also reflected in the 

number of scientific publications in the field of AM (Figure 2b,c). In the last 5 years the 

growth rate of the numbers of scientific publications was constantly above 20 %.  

While industrial application of AM advances, standardization and quality management are 

becoming important aspects [48,63]. In industrial AM, the print cost only account for 30-

40 % of the value chain with decreasing tendency. Compared to mass production via 

injection molding, where part cost decrease with increasing part number, AM features 

almost no economy of scale. Part costs depend on the part number for a constant volume 

of a single build job (Figure 3). If larger machines are used and thereby the build job volume 

increases, part costs decrease as well [64], but not in a way known from other manufacturing 

methods. On the first glance this looks like a major disadvantage for AM, but it can be 

turned into an advantage if small series or high degree of individualization are needed 

(Figure 3). AM overcomes the limits of traditional manufacturing techniques and enables 

building novel geometries, introducing new material properties [5]. It saves material, time 

and gives new possibilities for designers. Thus, it is especially important for parts with high 

level of geometric complexity and individualization like prothesis [65], bio-medical implants 

[66] or light weight and fuel saving construction, e.g. stationary turbine components and 

Figure 3: Limits and strength of AM from an economical perspective. (a) Qualitative comparison of polymer 

part costs as a function of the number of manufactured parts for injection molding and AM. The tendency of 

decreasing part costs in AM shifts the break-even toward a higher part number at which AM is economically 

more useful. (b) Central features that result in AM´s disruptive potential.  
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small Titanium aerostructure components [67]. In order to profit from AM, it is therefore 

necessary to start right from the CAD file with individualized parts that are using the design 

freedom and flexibility, e.g. for design changes during production. Instead of looking at AM 

just from the print job perspective it is crucial to take a look at the whole process chain 

(Figure 4), which also needs smart software to connect the individual process steps like post-

processing and part testing in order to organize and automize AM operations, as it was 

recently shown by a consortium of Premium AEROTEC (Airbus), Daimler und EOS in 

their fully automized NextGenAM project [68]. Hereby, AM also provides opportunities to 

rethink supply chains and logistics, and develop new business models [69]. For example, a 

digitalized spare part depot could provide printable spare parts on demand wherever needed 

[7,70]. 

Besides services and equipment, material makes 15 % of sales throughout the AM value 

chain [67]. The German National Academy of Sciences (Leopoldina), the German Academy 

of Science and Engineering (acatech) and the Union of German Academies of Sciences and 

Humanities recently proposed 13 action fields for AM. Six of these action fields are material-

related, which underlines the importance of material as a central element for further growth 

in AM [71]. A prominent example for the need of material development is the field PBF-

LB, where polymers have become increasingly important [63]. Since the market is dominated 

Figure 4: Schematic AM process chain featuring design, printing, post processing and quality inspection.  
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by only a hand full of process qualified powders, the applications for parts made by PBF-

LB are limited by the properties of these materials [12].  

2.2  Laser powder bed fusion 

Laser powder bed fusion (PBF-LB) is known as L-PBF, LPBF or PBF-LB, selective laser 

sintering (SLS) as PBF´s first commercial process for polymer powder bed fusion [8], or 

selective laser melting (SLM) for metals. However, according to the latest standardization 

efforts by ISO/ASTM [72], the term PBF-LB will be used throughout this thesis. PBF-LB 

has been extensively studied for polymers (PBF-LB/P), metals (PBF-LB/M), ceramics 

(PBF-LB/C) and composites (PBF-LB/Co) and can be divided into the sub-processes 

powder spreading/recoating, preheating, irradiation (IR, Laser or electron beam) and 

cooling, as illustrated in Figure 5. It involves a large set of parameters that affects build 

speed and final part properties. At the beginning of each build job, several layers of powder 

are spread on the build plate from a reservoir close to the powder bed as a homogeneous 

basis for the print job. There are different methods for powder recoating, including roller 

and blades [73]. In the next step, the whole powder bed is pre-heated. In general, this step 

provides most of the energy for fusion, so that the laser just needs to add a small energy 

dose to induce the fusion process. Furthermore, preheating allows the sintered areas to 

remain at an elevated temperature after laser irradiation and to cool down slowly, providing 

sufficient time to minimize thermal stress, which is induced by fast cooling rates [74,75]. It 

also improves wetting and thus the adhesion between sintered layers, which reduces 

porosity. For a semi-crystalline polymer, the powder bed is pre-heated close to the melting 

temperature and above the crystallization temperature, which gives the process window for 

Figure 5: Schematic illustration of the PBF-LB process with relevant process parameters. 
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polymer PBF-LB. It is particularly important how well these two transition points are 

defined. Typically, the onset of the melting peak and the onset of the crystallization peak 

are chosen, instead of the peak maximum temperatures [76,77]. After irradiation, the powder 

bed is lowered by a defined height to recoat the next layer. Typical layer heights range from 

50 – 300 µm and the unsintered powder provides support for the next layers. 3D parts are 

now generated layer by layer by repeating the cycle of lowering the powder bed, powder 

recoating, preheating and laser irradiation (Figure 5). As the irradiated layers are covered 

with new layers, they slowly cool down and a few layers below the surface, parts are already 

solidified as it was recently shown by Drummer et al. [78]. After finishing the print job, the 

build volume is cooled down and unfused powder is removed, sifted and mixed with fresh 

powder for the next print job. The ration of recycled and fresh powder depends on the 

material, the process conditions and the requirements on final part properties [79]. 

Besides the process window defined by melting and crystallization, each polymer powder 

material also has an optimum temperature region, which is referred to as stable sintering 

region [80]. In this temperature range the polymer can be processed without decomposition 

[81]. The fusion of polymer powder particles during PBF-LB requires a diffusion of organic 

material and thus enough thermal energy to overcome the activation energy for mass 

transport. In polymers the diffusion transport is significantly slower compared to metal PBF 

due to the highly viscous flow of polymers. Therefore, the fusion rate increases with 

decreasing melt viscosity and increasing temperature [82].  

From the machine part of view, the powder spreading system [73] and the light absorption 

of the powder are highly important for processability. The latter depends on the used laser 

source [83] and is very different for PBF-LB of polymers with CO2 and diode lasers. CO2 

lasers emit at 10.6 µm wavelength, where most polymers show enough absorption, but they 

result in expensive and large machines. Therefore, the market of small desktop machines is 

dominated by diode laser-based machines, resulting in the need for special absorption 

optimized polymer powder materials. Recent developments also point towards industrial 

scale use of diode laser arrays and beam shaping to achieve shorter processing times [84] 

which makes tailored polymer powder materials even more important.  

2.3  Polymers for laser powder bed fusion 

In theory, any polymer material in powder form is processable in PBF-LB. However, only 

few polymer powder materials available today fulfil the requirements for advanced 

processing tasks to comply with up-to-date process routes and lead to reproduceable final 

part quality. Compared to the broad variety of polymers for injection molding the currently 
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available range of polymer powder materials, let alone their modifications, is extremely 

limited and represents a significant obstacle to the further development of PBF-LB [85–87].  

The restriction in the choice of material is based on the requirements of the sintering process 

on the material [88] (Figure 6). Optical properties like transmission, absorption, and 

reflection influence the energy deposition and thus the thermal gradient in the powder bed, 

which is also affected by laser parameters, powder layer thickness and powder packing 

density. Powder morphology, particle size distribution and flowability also play an 

important role [15,89]. Insufficient flowability [90] and high losses of the laser power due to 

high scattering and low absorption of the powder materials [83] results in insufficient final 

part properties such as porosity [91] or incomplete melting of particles. These defects in turn 

lead to variations in mechanical properties and geometrical accuracy [91]. A decisive factor 

for determining whether a polymer is suitable for the process is the thermal behavior [87,92]. 

Phase transitions, especially the start of melting and resolidification as well as rheological 

properties of the molten state (melt viscosity) and decomposition temperature define the 

requirements for the PBF-LB equipment. During PBF-LB, crystallization should be 

inhibited for several sintered layers. Therefore, processing temperature must be precisely 

controlled in-between melting and crystallization of the given polymer. This temperature 

interval of undercooled polymer melt determines the thermal process window for PBF-LB. 

Polymers with a sharp softening, melting and resolidification behavior adapted to the 

process can be used in a narrow processing window [86]. Most alternative polymer powder 

materials relevant for PBF-LB, however, show broad phase transitions and a barely defined 

process window. This makes precise control of melting and resolidification difficult and is 

one of the main obstacles in the development of new materials for PBF-LB. Closely related 

to this issue are temperature instability and aging of the powder during several heating 

Figure 6: Schematic illustration of the PBF-LB process with relevant machine parameters (black) and material 

parameters (blue). 
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cycles in the powder bed [89], e.g. post condensation of active amine carboxylic groups leads 

to chain growth and increase in melt viscosity in PA. In addition, the recyclability of 

polymeric powders is strongly dependent on molecular properties, such as molecular weight 

distribution and functional groups [93,94]. In order to prevent aging and improve 

recyclability, an excess of free amine and carboxylic groups can be used [95]. For the 

development of new powder materials for laser based PBF a good understanding of all these 

influencing factors is essential.  

Depending on their structure and the resulting mechanical and thermal properties, polymers 

are classified into three main groups of elastomers, thermosets and thermoplastics [96]. 

Elastomers have long polymer chains which are tangled and slightly cross-linked, leading to 

low mechanical strength but high elastic deformability. Thermosets, on the other hand, have 

densely networked structures, which gives them a high degree of hardness. In elastomers as 

well as in thermosets, the polymer molecules are chemically bonded to each other, which is 

the reason why they cannot be brought into a plastic state after curing. In the last group 

of thermoplastics, the linear polymer molecules are not crosslinked and physically bonded 

to each other, which leads to an amorphous or semi-crystalline structure. They are 

mechanically solid at room temperature, but become plastically deformable at elevated 

temperatures caused by softening of the physical bonds between the molecules [97]. 

Typically, semi-crystalline thermoplastics powder fulfill the criteria for PBF-LB [87,98]. 

More than 80 % of commercial powder materials for PBF-LB consist of polyamide (PA) 

and polyamide based thermoplastics [12]. Due to its sharp melting and crystallization 

transitions and a large and well-defined sintering window (Figure 7a), PA12 is the 

predominant material in polymer PBF-LB. Its relatively long hydrocarbon chain length and 

therefore a large distance between the amide groups (Figure 7b) results in a lower melting 

temperature than other important polyamides like PA6 or PA6.6, but with similar 

mechanical and electrical properties. The larger the process window, the smaller the 

sensitivity for temperature instabilities and thermal stress induced during resolidification. 

But a large process window does not always guarantee for a good PBF-LB processability 

[99]. Besides the dominating PA12, other polyamides like PA11 [14] or PA6 are under 

investigation for PBF-LB and are becoming commercially available. Furthermore, efforts 

are made to qualify polylactide (PLA)[100], polyaryletherketones (PAEK) [101], 

polycarbonates [102], polypropylene (PP)[103] and thermoplastic elastomers (TPE) for 

PBF-LB [86,92,104–106]. PAEKs, like PEEK, PEK and PEKK are high-performance 

polymers with outstanding mechanical performances, chemical resistance and 

biocompatibility [101,107–110] but come with poor recyclability [111] and also set high 
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requirements to PBF-LB equipment in terms of high build temperature (up to 260°C) and 

temperature stability [112]. TPEs on the other hand are interesting because of their 

flexibility, but typically come with very undefined phase transitions which makes PBF-LB 

difficult [99] (Figure 7c,d). In general, this is a problem for completely amorphous polymers, 

were the processing window is hard to define. It is known for semicrystalline thermoplastics 

that the resulting microstructure (degree of crystallization, crystalline structure, 

crystallite/spherulite size, crystal modifications) depends on the processing conditions and 

the intrinsic temperature-time behavior of the polymer [97,113–119]. Depending on the 

cooling characteristics of the PBF-LB machine, cooling rates in the range of a few K/min 

are typically applied to the powder bed which are much lower than cooling rates in injection 

molding. The part properties are strongly related to the microstructure formed by the 

polymer and can be manipulated by adapting the crystallization behavior. Low cooling rates 

result in a higher degree of crystallinity, much lower elongation at break compared to 

injection molding [114,120–122]. High cooling rates in turn result in more nucleation and 

hindered crystal growth caused by the larger number of nuclei [113,120]. The finer 

spherulitic microstructure can increase the stiffness, strength and decrease elongation at 

break of the final part [97].  

Different routes exist to produce processable powders from bulk polymers and the 

production process influences the particle morphology and PBF-LB processing behavior [94]. 

PA12 powders can be produced by emulsion polymerization, suspension polymerization or 

precipitation processes [12,14,15,54,123–125] The shape of those polymer particles is 

spherical, round, or potato shaped. A very flexible method for powder production is 

Figure 7: (a) Qualitative Comparison of the calorimetric properties of polyamide and thermoplastic poly 

elastomer (TPE). (b) Schematic illustration of molecular differences between PA and TPE. The latter can be 

either a polymer blend or a copolymer. 
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cryogenic wet and dry grinding of polymers [12,13,92], which  typically comes with low 

flowability due to the unregular shaped particles and often needs further processing via 

rounding [12,126]. Difficulties in the powder quality are typically compensated by process 

engineering measures  rather than by a material-development approach [127]. Overall, there 

is significant need to further adapt polymer powder materials to the PBF-LB process and 

increase the variety of powders ready for PBF-LB.  

2.4  Nano-Functionalized polymer powders 

Modification of polymer powders by organic and inorganic micro- and nanofillers is a 

versatile approach to influence the processing behavior during PBF-LB and to introduce 

new functionalities in the generated parts [16,17]. Table 1 summarizes the thermophysical 

and functional benefit of adding nanomaterials to polymer powders for PBF-LB.  

Table 1: Summary of nano-fillers and additivation methods for modification and functionalization of PBF-LB 

powders. 

Matrix (Nano-)filler  Additivation method Effect Ref. 

PA12 Gold-SiO2 hybrid 

particles 

0.01 wt% Mechanically mixing 

of powder and colloid 

until evaporation 

NIR absorber [128] 

PA12 Carbon Black, 

WO3, gold 

nanoparticles 

0.03 – 1.0 wt% Mechanically mixing 

of powder and colloid 

until evaporation 

Tuning absorption at different 

wavelengths 

[129] 

PEEK Carbon Black 

(Vulcan XC72R) 

0.03 - 0.1 wt% Shaking/mixing IR absorber [22] 

PA12 Clay 0 – 5 wt% mechanically mixed Reduction of melting 

temperature and heat of fusion 

[130] 

PA6 Clay 5 wt% Mechanical grinding Reduction of crystallization 

temperature 

[131] 

PA12 Clay 3 wt% Solution precipitation Impact on calorimetric 

properties and increase of 

crystal content 

[132] 

PA12 Rectorite (OREC) 5 wt% Mechanically mixing Decreased necessary laser 

energy input 

[133] 

PA12 SiO2 3 wt% dissolution–

precipitation process 

heterogeneous nucleation effect [134] 

PA12 Silica 10 wt% emulsion 

polymerization 

Increasing density and 

flowability 

[135] 

PA12 Carbon Black 4 wt% Mixing in a rotary 

tumbler 

Enhanced electrical 

conductivity 

[136] 

HDPE Graphite NA melt compounding Enhanced electrical 

conductivity 

[137] 

PA12 carbon nanofiber 3 wt% Melt mixing and 

cryogenic milling 

increase in the storage 

modulus 

[138] 

PA12 multi-walled 

carbon nanotubes 

0.5 wt% Mechanical mixing Higher flexural modulus and 

ultimate strength 

[139] 

PA12 graphite 

nanoplatelets  

0.1 – 0.25 wt% solution intercalation / 

precipitation 

No influence of PBF-LB 

processing but improved 

material properties 

[18] 

PA12 carbon nanotubes 0.1 wt% Heated mixture with 

suspension 

enhanced flexural, impact, and 

tensile properties 

[140,141] 
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Matrix (Nano-)filler  Additivation method Effect Ref. 

PA12 Al2O3 NA Mixing Green parts for subsequent 

furnace sintering 

[142] 

PA6 Yttrium stabilized 

zirconia / clay 

5 wt% Dissolving, mixing and 

spray drying 

Increased mechanical strength [143] 

PMMA SiC 91.5 wt% Spray drying Polymer-encapsulated silicon 

carbide powder 

[144] 

 

To increase the flowability, for anti-caking and electrostatic charge control, micro- and 

nanoscale silicon dioxide, titanium dioxide and other oxide particles are admixed to the 

polymer powder [13]. Studies have also shown that the introduction of inorganic 

nanomaterials such as carbon nanotubes [140,145,146] and ceramics [147] can significantly 

affect sintering characteristics and final mechanical properties of the printed parts, 

decreasing their shrinkage and distortion. For instance, 5 wt% nano-clay was added to PA6 

to improve the properties of the matrix polymer by inhibiting polymer chain mobility, 

especially during the cooling cycle. The nanoparticles lead to a reduction of the 

crystallization temperature by 3 °C and the crystallization peak was narrowed [131]. 

Moreover, nanoparticles can also show significant influences on the melting temperature 

[148] and enthalpy, and can cause the relative crystalline content and crystallization 

temperature to increase via heterogeneous nucleation during cooling [113,132,133]. At weight 

fractions of below 0.1 wt%, the melt flow index and the crystallinity of the powder remain 

unchanged [18], in particular if the dispersion quality is low after mechanical mixing. Carbon 

nanoparticles are utilized in PBF-LB for light absorptivity adjustment due to its broad 

absorption spectrum [22,136,138,139] and can therefore be found in many commercial 

products. In order to optimize the powder absorption to the specific wavelength of diode 

and solid-state lasers without coloring the powder black, Powell et al. used plasmonic 

nanoparticles with an absorption maximum at 808 nm [128], resulting in significant 

absorption of the functionalized PA12 powder. Carbon nanomaterials such as particles, 

tubes and sheets are also utilized for introducing electrical conductivity of the generated 

part. However, it was also found that high amounts of filler can reduce the mechanical 

performance of parts made by PBF-LB. For example, Athreya et al. observed a decrease in 

flexural modulus for PA12 with 4 wt% of carbon nanoparticles, attributed to agglomeration 

of the high amount of carbon filler [136]. Moreover, PBF-LB process parameters could 

remain unchanged if the filling factor is low [130]. For carbon black this value is <0.1 wt% 

as shown by Kim et al. [18], but an influence of particle dispersion has not been investigated 

in this study. It can be expected that a high degree of agglomeration leads to the need of 

high filler loadings in order, e.g. to increase the surface area of the nuclei accessible by the 

polymer chains and to avoid disadvantages in the processability (by light scattering and 

inhomogeneous particle quality). Already a small aggregate fraction can have distinct effects 
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on the optical properties, as doubling the diameter of a particle would already increase the 

scattering intensity caused by this single object by a factor of 64 (Rayleigh law of scattering 

scales with the 6th power of particle diameter). It is therefore essential for PBF-LB that the 

dispersion of the nanoparticles within the polymer matrix and the interfacial bonding 

between nanoadditive and polymer-matrix are optimized [18,136,149], while the mass 

fraction of additives is minimized [140]. A systematic variation of the nano-additive material, 

its particle size and dispersion quality, and their influence on the melting and resolidification 

behavior in PBF-LB is missing. In addition, there is still a huge deficit in the knowledge 

about fundamental polymer-nanoparticle interaction and only little knowledge is available 

on metal and binary metal oxides nanoparticles as additives. 

As summarized in Table 1, various methods can be utilized to generate nano-functionalized 

polymer powders. Dry coating is the most common approach for post-treatment of powders, 

e.g. to adjust the flowability [138]. On the other hand, methods like melt compounding 

[137,150], solution intercalation [151,152], in situ polymerization [153], spray drying [143] 

and ex situ dispersion into polymer solution [154–156] involve more complex process steps 

and the melting or dissolution of the polymer before admixing of nanoparticles. All 

mentioned additivation techniques have in common, that they mostly use aggregated 

nanomaterials in powdery form, e.g. silicon oxide from gas phase synthesis as flow aid. 

During additivation, these aggregated nanomaterials can only be dispersed to a certain 

extend [141], depending on the applied force during additivation. Common scalable 

additivation methods like dry-coating or melt compounding lead to significant aggregation 

of the filler, as it was shown in many studies [16,19,20]. Therefore, the choice of method has 

a decisive influence on the degree of dispersion in the polymer matrix and on the surface of 

the polymer particles after additivation [16,18,134]. Yang et al. investigated the influence of 

different dry coating procedures and used a hybridizer, which circulates the powder through 

a high-speed rotating rotor/stator setup that allows dis-aggregation of the aggregated filler 

and coating of the polymer within a few minutes [20]. They found that particle coating with 

high impact forces in a hybridizer lead to a surface coverage of 13.3 surf%, compared to 

6.7 surf% for mixing the powders at low rotation speed in a blender. Although the descriptor 

“wt%” is unable to represent the degree of aggregation or dispersion of the nanomaterial, 

alternative parameters like surf% are rarely used to describe the nanoparticle dose. 

Typically, nanoparticle dispersion is only described qualitatively in terms of “good” or 

“sufficient”, rather than quantitatively.  
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2.5  Nano-functionalization by colloidal additivation 

An alternative approach for surface-functionalization of particles is the colloidal 

additivation. It is used for the formation of heterogeneous catalysts [24–26,28–30] by 

adsorption (supporting) of colloidal nanoparticles on inorganic supports such as TiO2 [25,32], 

Al2O3 or ZnO [31]. This route was also transferred to ODS steel powders for laser-based AM 

[157] and includes the pH-controlled, mixing of colloidal nanoparticles with a suspension of 

the nano- or microsize support, followed by precipitation or filtration and drying of the 

surface-functionalized powder. The colloids are typically water-based and free of surfactants, 

while the procedure does typically not involve organic solvents and temperatures above 50°C 

during drying.  

In order to achieve a good dispersion and homogeneous distribution of metal  nanoparticles 

on the support, the surface charge of nanoparticles is used, which is caused by oxidation 

[34,35]. The support also carries a surface charge, which is positive in the case of TiO2 in 

the neutral range due to hydroxyl groups on the surface [158]. By varying the pH, the 

surface charge of the particles (nanoparticles and support) can be controlled, which also 

effects colloidal stability by changing the electrostatic repulsion between nanoparticles. The 

transition point from positive to negative surface charge (zeta potential = 0 mV) is called 

the isoelectric point (IEP). For colloids in the region of the IEP with a zeta potential of 

±30 mV, colloidal stability is no longer given and the thermal energy KBT of the system is 

sufficient to overcome repulsive forces and induce agglomeration [159]. The surface charge 

of nanoparticles is not only exploited in order to stabilize or destabilize the colloid, but is 

Figure 8: Schematic representation of the electrostatic repulsion and the electrostatic attraction between support 

material and nanoparticle dependent on zeta potential and isoelectric point (IEP). The process window for 

efficient support is marked in green and represents the pH area of opposite charge. 



2 State of the Art  

 

18 

also utilized for electrostatic deposition of nanoparticles on the support material [25,32]. As 

shown in Figure 8, an electrostatic attraction between nanoparticle and support occurs when 

pH is set in a way, that both particle species have inverted zeta potentials. This process 

window lies between the two IEPs and is characterized by a high supporting efficiency, as 

shown by Marzun et al.[25]. Ligand-free nanoparticles are essential for the success of the 

supporting, since stabilizing agents can decrease supporting efficiency [32]. For example, 

sodium citrate completely prevents the adsorption of silver nanoparticles on BaSO4 when 

exceeding a critical concentration, which is attributed to steric hindrance [32] and change 

in pH [160]. Only below the critical ligand concentration, where the nanoparticle surface is 

not fully covered with citrate ions, supporting takes place and can be described by a 

Freundlich-Isotherm with a linear increase in nanoparticle loading [wt%] until 6 %. The 

yield of this electrostatic supporting procedure is almost 100 % and particle size does not 

change during deposition (no size-selectivity). In addition to the electrostatic support, 

diffusion also leads to adsorption of nanoparticles without electrostatic attraction, whereby 

this process is usually very inefficient, time consuming or highly dependent on the surface 

of the support [24,28]. 

Irrespective of whether supporting is carried out by an electrostatic- or diffusion-driven 

process, mixing of the suspension always plays an important role for homogeneity of the 

product. One can distinguish between macroscopic and microscopic mixing. Macroscopic 

mixing depends on the liquid’s viscosity and density and on the geometry of both, the 

reactor and the stirrer, whereas microscopic mixing is driven by diffusion and cannot be 

influenced by stirring. But a good microscopic mixing can decrease the size of the smallest 

fluid element and eliminate educt gradients in the fluid, which also shortens the diffusion 

length and necessary diffusion time. For small laboratory batch sizes, a stirred-tank reactor 

is the most common choice. To achieve a good macroscopic mixing with small fluid elements 

within a short time, the setup should work in the turbulent regime (high Reynolds numbers 

Re of the stirrer).  

Although a batch process is useful for small scale experiments, it comes with disadvantages 

if upscaling is necessary. An increase of batch size automatically results in a different flux 

and mixing time as well as stirring parameters and reactor geometries need to be adjusted 

(incl. dimensions of flow breakers). The concentrations of both, educt and product change 

exponentially over time and are governed by concentration gradients in the reactor (Figure 

9a). Alternatively, supporting can also be conducted continuously with a static mixer. In a 

static mixer, the suspension runs through a pipe of length L and mixing is not achieved 

through stirring but through flow breakers that inhibit laminar flow. To achieve a high 
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yield, the volume flow and the length of the static mixer need to fit to result in enough 

residence time. The product quality is constant over time (see Figure 9b) due to a constant 

residence time and the product amount can be easily increased by increasing the runtime. 

2.6  Laser-generated nanoparticles 

In order to perform colloidal additivation, the nanomaterial needs to be dispersed in a liquid 

and the dispersion quality of the colloid limits the accessible dispersion quality after 

additivation. Common routes for nanomaterial synthesis, like gas phase synthesis or ball 

milling offer excellent scalability and low costs. Even though primary particles sizes in the 

sub 100 nm range can be easily accessed by these methods, agglomeration and aggregation 

are inevitable and lead to large secondary particle sizes up to several µm. These aggregates 

cannot fully be eliminated during dispersion in a liquid. Therefore, nanoparticle synthesis 

and preparation of the colloid play an important role for colloidal additivation. 

Laser synthesis and processing of colloids (LSPC) offers an alternative to conventional 

methods of nanoparticle generation and comes with excellent dispersion quality in a scalable 

on-step process [33]. In contrast to gas phase synthesis, LSPC produces nanoparticles 

directly in a liquid, where agglomeration is prevented by electrostatic or steric stabilization. 

Because of its applicability to a variety of materials and fluids laser-generated nanoparticles 

can further be easily combined with different routes to fabricate composite materials, e.g. 

laser-generated noble metal nanoparticles such as silver, platinum, palladium or gold have 

proven exceptional applicability for colloidal additivation of powders due to their 

characteristic negative surface charge at neutral pH, which can be manipulated by change 

of pH value [25,161]. 

Figure 9: Mixing of colloid and support: Schematic representation of discontinuous ideal stirred-tank reactor 

and static mixer. 
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The approach of laser ablation in liquid (LAL) was first reported by Fojtik and Henglein 

for simple and surfactant-free synthesis of nanoparticles [162]. It involves the ablation of a 

solid bulk target immersed in a liquid and is a green method that does not need any chemical 

precursors to form nanoparticles in an easy one-step process. On the first glance, LAL looks 

like a physical top-down method without any chemistry involved. However, since the 

attempts by Fojtik and Henglein the complex mechanisms involved in the process were 

investigated step by step and lead to a better, deeper understanding of LAL and an 

improved control over nanoparticle properties and productivity. Today, LAL belongs to a 

family of processes that are grouped under the name “laser synthesis and processing of 

colloids” (LSPC). LSPC further contains laser post-processing (LPP) processes such as laser 

fragmentation in liquid (LFL) or laser melting in liquid (LML) to modify colloidal particle 

properties by laser irradiation. From its early days in the nineties until now, LSPC has 

evolved from a barely known technique for preparing small amounts of metal colloids [163] 

to a versatile and flexible route to generate nanoparticles from a wide variety of materials 

in different liquids [164–166]. In contrast to wet chemical approaches, laser-synthesis does 

not need chemical precursors and organic surfactants. The evolution and current state of 

LSPC was recently summarized by Amans et al. [167]. Scalability of LSPC towards several 

g/h, equivalent to > 20 l of nanoparticle colloid per hour is possible via continuously 

operating synthesis setups, advanced scanning strategies [168,169] and continuous 

centrifugation setups for direct size separation [170]. At this scale, LSPC has proven to be 

economical, even compared to the established wet-chemical synthesis methods [171]. It 

enables promising applications in catalysis [26,28,172,173] or for nanoparticle-composites 

[37,38,174–176], where relatively high nanoparticle amounts are needed for application. In 

order to understand and control the formation of nanoparticles during LSPC, a close look 

on the microscopic scale of this ultrafast process is the key. As nanoparticles form within a 

fraction of a second, high speed analysis techniques [177] and simulations [178,179] are 

needed. However, the involved processes are yet not fully understood.  

Laser induced cavitation bubbles during LAL  

LAL requires a high laser energy density to overcome the ablation threshold and remove 

material from a bulk target, which is achieved by means of short or ultrashort laser pulses 

in the regime of fs to ns instead of a continuous emission. Figure 10 schematically depicts 

the first seconds after laser impact. Under laser illumination electrons in the material are 
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excited by the electromagnetic field and transfer their energy to other electrons after an 

electron coupling time of approx. 100 fs. A few ps after the start of the irradiation, the 

electron-phonon coupling begins, whereby an energy transfer to the atomic lattice takes 

place within a few ps [180] followed by an energy transfer from the surface layer (a few nm) 

to the bulk after several 100 ns to a few µs [181]. Consequently, laser ablation with pulses 

in the fs range does not transfer energy to the bulk material, which is why it is referred to 

as cold ablation with an instant transition from solid to vapor [182], whereas longer pulses 

with ns duration lead to hot ablation and a melting and evaporation of the target surface 

[182]. Due to the high energy density on the target surface a plasma with a few ns to µs of 

lifetime [183–185] is generated with maximum temperatures above 5000 K [186,187]. As the 

plasma cools down rapidly, acoustic shockwaves are emitted hemispherical and transfer 

energy to the fluid [188]. The longer the pulse duration, the longer the lifetime of the plasma, 

which shields the target surface from the laser beam when pulses are in the ns regime and 

consequently results in pumping the plasma and increasing its lifetime [189][190]. This also 

enlarges the cavitation bubble volume and lifetime [191,192].  

The transfer of energy from the plasma to the fluid leads to the formation of a cavitation 

bubble in which pressure and temperature are decreasing during expansion and which has 

been studied by many researchers [180,192–199]. In a first stage the laser-induced plasma 

coexists with the arising vapor bubble for hundreds of ns [200] but grows fast 

[185,187,194,200–202] before it collapses for the first time within a few hundreds of 

microseconds. The bubble containing nanoparticles [177,203–205] and after several 

oscillations it finally collapses after a few 100 µs to ms [187,192,194–196,206], leading to the 

release of the nanoparticles into the liquid [177,204]. Recent studies have shown that the 

first bubble expands quasi-adiabatically [207] and its temporal evolution can be fitted with 

Figure 10: Shadowgraphic imaging after laser irradiation of a gold target in water. (a) Schematic illustration of 

the laser impact and the shockwave front, (b-d) images from a high-speed camera at 210,000 frames per second 

showing the cavitation bubble during expansion, first collapse and final collapse. (e) depicts the persistent micro 

bubbles after several laser pulses. 
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Rayleigh-Plesset´s model for cavitation bubbles in liquids [208], whereas this is presumably 

no longer valid for further oscillation. Especially when compressibility cannot be neglected, 

Rayleigh-Plesset´s model fails [209] and Gilmores equation should be used instead [210]. At 

its maximum expansion the first bubble measures up to several mm in diameter depending 

on the applied laser fluence [189,204] and the history of the target [211,212]. In addition, 

the temperature and pressure of the fluid [213] influence the properties of the cavitation 

bubble [214]. Most of the studies on laser induced cavitation bubbles, which were done in 

common LAL fluids (water, low viscosity organic solvents) observed a hemispherical bubble 

shape, which would be expected for low viscosity [215]. In a few reports on an inward jet 

[205], bell-shaped bubbles [196] and a rim, separating the bubble in a hemispherical upper 

part and a interlayer close to the target was observed [204], but no clear explanation was 

given for the rim and the contact angle between bubble and target in the interlayer. For 

laser induced cavitation bubbles close to a solid boundary (no ablation) numerical study 

and experiments have shown  significant impact on the cavitation bubble shape when low 

and high viscous liquids are used [215–217]. However, the distance between bubble and solid 

boundary is D=0 for LAL, which makes LAL also a unique tool for testing the influence of 

D=0 on the bubble shape. From a deeper investigation and understanding of the bubble 

dynamics in combination with simulation of the bubbles inside, especially in non-standard 

liquids with high viscosity, conclusions can be drawn on particle formation and growth, 

since most of the ablated material is located inside the bubble [195]. Additionally, most of 

the matter inside the bubble are solvent molecules [194] which makes the cavitation bubble 

act as a microscopic reactor where nucleation of the target material, cluster formation and 

particle growth take place [177,195,201,218]. Furthermore, gases like H2 and O2 are 

generated during the early stage of LAL, resulting in remanent gases after final cavitation 

bubble collapse, referred to as persistent bubbles [219–222]. 

Nanoparticle synthesis by laser ablation in liquids  

The properties of laser-generated nanoparticles are determined by a broad variety of 

parameters [33]. First of all, the material parameters are important, e.g. the material-

dependent threshold fluence Fth for the given pulse duration [181,189]. Target geometries 

range from bulk targets,  plates or wires [198,207] to pressed powder targets which are 

obtained by mixing, pressing and optionally sintering powders [223–228]. They can be made 

from metals or oxides and even organic targets are possible [229,230]. As a result, the 

composition is variable and nanoparticles can be made from alloys and metastable phases 

which are not accessible by conventional alloying [231–233]. Target porosity [223] and the 

surface structure (reflectivity) [234] moreover effect nanoparticle yield. Reactions between 
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the solvent and the ablated species can create nanoparticles with carbon shells [235], oxides 

[236,237] or doped particles [238]. Additives in concentration of µM can also alter the solvent 

properties or trigger direct interactions with the nanoparticles directly in the cavitation 

bubble [201] or thereafter [239]. On the other hand, impurities in the solvents can lead to 

uncontrolled influences and by-products [226,240,241]. The influence of viscosity and surface 

tension on the cavitation bubble shape, lifetime and size as well as their influence on 

nanoparticle growth and agglomeration inside the bubble is mostly unknown [193,214]. Due 

to their different dipole moments, organic solvents can influence the productivity and size 

distribution of the resulting nanoparticles, since different polarities of the solvent influence 

the repulsive forces between the nanoparticles in the growth phase [242–244].  

From a laser perspective, the fluence, repetition rate (pulse frequency) and pulse duration 

give a data triplet which is very important for laser ablation. Computational simulations by 

Shih et al. revealed a significant difference in the size distribution between ps and ns pulses 

attributed to nano jet formation out of a molten layer of material during ps formation before 

a cavitation bubble is formed [179,203]. As a result, a fraction of matter is located outside 

the cavitation bubble during picosecond LAL as it was found by Ibrahimkutty et al. [177]. 

Furthermore, the scanning speed with which the laser beam is guided over the material 

influences the spatial interpulse distance [180]. In order to scale-up LAL it is not useful to 

just increase the laser fluence to achieve higher productivities since the fluence is limited by 

non-linear effects. Increasing the repetition rate in turn leads to another problem. The higher 

the repetition rate, the smaller the spatial distance of consecutive pulses during scanning 

and the higher the probability of shielding effects. These shielding effects decrease 

nanoparticle productivity but can be eliminated through optimized scanning strategies [169]. 

Shielding is also caused by nanoparticles in the beam path. Surrounding the target with 

fresh solvent removes the nanoparticles from the beam path and additionally has the positive 

effect of minimizing bubble shielding since bubbles can be flushed away from the target. 

Instead of a batch chamber, a flow chamber is used for scale-up to minimize shielding effects 

and nanoparticle reirradiation [168,245,246]. 

Laser post-processing of colloids 

The typically unwanted process of re-irradiation of colloidal nanoparticles during ablation 

can also be utilized in a separate process to modify colloids [247]. Post-processing techniques 

like LFL and LML can selectively influence the size and phase composition of nanoparticles 

[29] or induce defects without a change of particle morphology [248]. It is not limited to 

metals [249,250], oxides [223,251,252] or carbon [253–255] particles, but can also be utilized 
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to process organic substances, e.g. to increase biological availability of drugs [256]. Whether 

a particle is fragmented or melted depends primarily on the absorbed energy dose, which is 

influenced by particle size, laser fluence [74] and wavelength. According to Lau et al. 

different fluence regimes can be observed, as depicted in Figure 11c [257]. The fluence can 

either be controlled via shifting the position of the liquid jet relative to the focal plane or 

by variation of pulse energy. As explained above, change of particle size or morphology 

occurs in the LFL and LML regime. In the untreated (UT) and optical breakdown (OB) 

regime neither fragmentation nor melting happens since the effective fluence is not high 

enough. At very high fluences optical breakdown is characterized by ionization of the 

solvent, which causes enhanced absorption of the laser energy, an increased evaporation and 

finally a decrease in fragmentation efficiency due to shielding effects by gas bubbles [27].  

As the particle size increases, so does the energy density required for LFL/LML processes 

[65] due to the decreasing absorption cross section [75]. Necessary fluences also increase for 

very large particles (several 100 nm to µm), resulting in a bath tub like function [178]. 

Metwally et al. numerically calculated an optimal particle size for which the fluence 

necessary for fragmentation is minimal [66]. It has also been shown that the hydrodynamic 

diameter in fragmentation decreases linearly with specific energy input in J/g, which is 

typically determined by measuring the transmitted laser powder [27]. Therefore, it is 

important to precisely control the fluence, which is not possible with the typical batch setup, 

as it is shown in Figure 11a. In this setup the laser is focused in a vessel filled with colloid. 

The resulting fluence gradient along the beam path makes a controlled fragmentation or 

melting difficult. Instead, the laser beam can be focused on a colloid jet (liquid jet reactor) 

Figure 11: (a) Illustration of different fluence regimes and its influence on particle size (UT: untreated, LML: 

melting, LFL: fragmentation, OB: optical breakdown, according to Lau et al. [257]. Different reactor 

configurations for post irradiation: (b) batch reactor, where the laser is focused right into the colloid, leading to 

inhomogeneous fluence distribution along the beam path and (c) liquid flow reactor, where the laser is directed 

on a thin liquid jet, which enables better control over the fluence.  
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which results in a much better homogeneous illumination of the particles [27] (Figure 11b). 

For reproduceable results a homogeneous flow rate and a thin and homogeneously 

illuminated liquid jet are desired. But self-focusing effects caused by the round couture of 

the liquid jet and absorbance due to Lamberd-Beer´s law lead to inhomogeneous fluence 

distribution within the jet. In addition, approximately 12 % of the jet are even completely 

unirradiated. To irradiate > 99 % of all particles is necessary to irradiate the same colloid 

several times (at least 3x). An approach to overcome this issue is the shaping of the liquid 

jet to an ellipsis or plane where self-focusing is less pronounced or could even be avoided 

[258]. Although these approaches are promising, the process control for such a setup is much 

more complex (adjustment of laser beam and liquid jet) compared to the basic liquid jet 

reactor and does not allow fast parameter screening for nanomaterial development.  
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3 Experimental methods 

Based on the state-of-the-art chapter and the scientific questions formulated in the 

introduction, hypotheses are presented that will be verified within the subsequent results 

chapters. Each results chapter focuses on one aspect of the process chain for the fabrication 

of nanoparticle-functionalized 3D printed parts, based on laser generated colloids. Figure 12 

summarizes the result chapters and the main experimental methodology for verification of 

the hypothesis.  

Figure 12: Illustration of the route toward nanoparticle-functionalized printed parts: investigation of laser 

synthesis of nanoparticles in high viscosity liquids and LPP of oxide nanoparticles. Application specific 

nanoparticles are adsorbed on polymer microparticles after laser synthesis and processing of colloids to produce 

nanoparticle-functionalized powders that are qualified for PBF-LB. In each step, products and educts are 

characterized, which enables process optimization and tailored final-part properties. 
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Colloidal nanoparticles are generated by LAL in a batch or flow reactor, depending on the 

necessary mass of colloidal nanoparticles. In order to investigate the cavitation bubbles 

during LAL in high viscosity, ultrafast imaging experiments of laser induced bubbles on 

metal and oxide targets were performed. For size and phase modification by LPP, colloids 

were irradiated in a liquid jet setup. For nanoparticle size analysis, analytical disc 

centrifugation (ADC), dynamic light scattering (DLS), and transmission electron 

microscopy (TEM) were applied. Optical properties were analyzed through UV-Vis 

extinction spectroscopy, whereas pH-dependent colloidal stability will be evaluated by 

measuring zeta potential. Depending on the nanomaterial and the specific scientific question, 

further nanoparticle properties were investigated using methods such as X-ray diffraction, 

Raman spectroscopy, Mößbauer spectroscopy, or vibrating sample magnetometry.  

Qualitative and quantitative outcomes of the colloidal additivation procedure were 

determined by filtering the polymer particle dispersion after colloidal additivation and 

identifying the portion of unabsorbed nanoparticles in the permeate using UV-Vis 

absorbance spectroscopy or mass spectroscopy. Furthermore, scanning electron microscopy 

(SEM) of the nanoparticle-functionalized polymer powder provides quantitative information 

regarding agglomeration and dispersion of the nanoparticles on the polymer powder surface, 

e.g. particle size and interparticle distance histograms. SEM histograms were also be 

validated by transmission electron microscopy (TEM) of ultra-microtome slices of powder 

particles and final parts. Complementary to SEM, dark-field confocal laser scanning 

microscopy was used to create 2D and 3D images of polymer particles before and after PBF-

LB, respectively. This method does not resolve single nanoparticles in the polymer matrix, 

but it allows the scattering intensity to be investigated and therefore an analysis of the 

distribution of light-scattering nanoparticles. Powder qualification was also be performed by 

diffuse reflection spectroscopy. Importantly, this method was used to analyze the surface 

plasmon resonance (SPR) of the nanoparticle-functionalized powders that contain plasmonic 

silver or gold nanoparticles. The SPR position was also compared to interparticle distance 

histograms. Differential scanning calorimetry (DSC) and fast scanning calorimetry (FSC) 

were performed to analyze calorimetric material properties (melting, crystallization 

temperature, enthalpy, and degree of crystallization) at different cooling rates (up to 

50,000 K/s) to gain a more profound understanding of the interaction between nanoparticles 

and polymers during melting and resolidification. Finally, polymer powders were tested to 

evaluate their Hausner ratio, particle size distribution, and flowability before being printed 

on different PBF-LB machines, that were equipped with CO2 or diode lasers. Details for 

each characterization method as well as parameters for PBF-LB are given in the respective 

results sections. 
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4 Laser synthesis of nanoadditives 

Despite a significant increase in the knowledge of nanoparticle formation during LSPC over 

the last several years, there are still knowledge gaps regarding an understanding of the 

mechanisms that influence productivity and particle properties, especially concerning non-

standard liquids such as liquid monomers, polymer solutions, and inks [36–38,174,259,260]. 

These liquids are of particular interest for AM, since they can either be used for direct 

printing of 3D structures [39,261–263] or could potentially serve as a base material for resins, 

filaments, and powders for SLA, FDM, or PBF-LB, respectively. One-step synthesis via 

LAL offers the potential for dispersing nanoparticles in these liquids that avoids 

agglomeration and thus facilitates highly efficient nanoparticle-additivation. In this context, 

high productivity of laser-based nanoparticle synthesis is a key factor in the production of 

relevant amounts for AM. It is expected that the laser-induced cavitation bubble dynamics 

influence the mechanism of nanoparticle formation and also its productivity, but the 

dynamics in highly viscous liquids have not yet been investigated. Therefore, ultrafast 

imaging experiments of laser induced cavitation bubbles on metal and oxide targets in 

synthetic polyolefin (PAO) were performed at the Institute of Light and Matter (ILM, Lyon 

University) in the “Luminescence” team of David Amans. The results of the study presented 

in chapter 4.1 [264] were expected to provide a better understanding of the influence of 

viscosity on bubble formation (contact angle, rim, and interface layer thickness) during 

LAL. This could ultimately lead to new materials for AM by ablation directly in monomer 

or polymer solutions for functionalization of inks and resins, for example. 

As an alternative to laser ablation, LPP techniques (LFL and LML) are presented in chapter 

4.2 that can be used to synthesize magnetic ternary oxide colloids of yttrium iron garnet 

(YIG) [265]. The results emphasize the flexibility of LPP regarding particle size and material 

variety, which enables new possibilities for functionalized polymers. Since magnetic 

nanoparticle-functionalized materials are highly relevant to AM [41–43], especially for the 

design of magnetic structures in 4D printing [39,44,45], LPP represents a scalable method 
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for synthesis and size variation of nanoparticles in liquids. The educts for LPP of 

nanoparticles can either come from LAL of high-density targets [223,266] or directly from 

nano- or micropowders dispersed in liquid [157]. The usability of YIG nanoparticles 

synthesized by this approach as additives for laser-based AM of steel powder was previously 

demonstrated by Doñate-Buendía et al. [157].  
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4.1  Laser ablation in highly viscous media 

 

Dynamics of laser-induced cavitation bubbles at a solid–liquid 

interface in high viscosity and high capillary number regimes 

 

Reproduced from Journal of Applied Physics 127 (2020) 044306, with the permission of AIP 

Publishing 

 

 
 

Highlights: 

 Viscous forces and surface tension (capillary number Ca) govern the ablation-

induced cavitation bubble (Contact angle, spherical part and interface layer)  

 The lifetime, shape, size and the damping of cavitation bubble oscillation are rather 

dependent on the kinematic viscosity than on the target material 

 A contact angle hysteresis is observed whereas the thickness of the interlayer is 

consistent with a boundary layer equation 

 Increasing the viscosity also results in phenomenological differences of persistent 

microbubbles after the cavitation bubble oscillation compared to water  

Appendix: 

 Supporting information (A1) 
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ABSTRACT

No unified model is available yet to explain the dynamics of laser-induced cavitation bubbles during laser ablation of solid targets in liquids,
when an extremely high capillary number is achieved (>100), i.e., when the viscous forces strongly contribute to the friction. By investigating
laser-induced bubbles on gold and yttrium-iron-garnet targets as a function of the liquid viscosity, using a nanosecond laser and an ultrafast
shadowgraph imaging setup, we give a deeper insight into what determines the bubble dynamics. We find that the competition between the
viscous forces and the surface tension (capillary number Ca), on the one hand, and the competition between the viscous forces and inertia
(Reynolds number Re), on the other hand, are both key factors. Increasing the viscous forces, and hereby Ca up to 100 has an impact on the
bubble shape and results in a very pronounced rim, which separates the bubble in a spherical cap driven by inertia and an interlayer. The
temporal evolution of the footprint radius of the interlayer can be addressed in the framework of the inertiocapillary regime. For an interme-
diate viscosity, the thickness of the interlayer is consistent with a boundary layer equation. Interestingly, our data cannot be interpreted with
simplified hydrodynamic (Cox–Voinov) or molecular-kinetic theory models, highlighting the originality of the dynamics reported when
extremely high capillary numbers are achieved. Upon bubble collapse, spherical persistent microbubbles are created and partly dispersed in
water, whereas the high-viscous polyalphaolefines lead to long-standing oblate persistent bubbles sticking to the target’s surface, indepen-
dent of the ablated target. Overall, liquid’s viscosity determines laser ablation-induced cavitation.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5116111

I. INTRODUCTION

Producing colloids through laser ablation in liquid (LAL) has
become a popular technique for its variety of accessible materials.1–5

In contrast to chemical routes, LAL works without using surfac-

tants or chemical precursors in a one-step process6 with a wide

variety of liquids.7–14 Although LAL is scalable,15 economically fea-

sible,16 and has high potential for applications in biomedicine,17,18

catalysis,2,19 optics,20–22 additive manufacturing,23,24 and nanoparti-

cle–polymer composites,25,26 there is still a lack of understanding of

the basic mechanism involved during nanoparticle synthesis. The

dynamics after the impact of a short laser pulse on a target in a

liquid environment can be separated into the following stages. An

early laser-induced plasma is quickly quenched a few microseconds
after the impact, leading to a vapor bubble27–32 containing
nanoparticles.33–36 The bubble grows and collapses at first within a
few hundreds of microseconds and finally leads to the release of
the nanoparticles into the liquid34,35 when the bubble fully col-
lapses and disappears after a few oscillations.26,37–39 Persistent
microbubbles are released during the collapse phase, which may
shield a large portion of subsequent laser pulse, in particular, at
high liquid viscosities,40 and consist of chemical reaction products
of the solvent and target, such as volatile carbohydrates,40 hydro-
gen, oxygen, and hydrogen peroxide.41

The dynamics of the cavitation bubble and its influence on
the nanoparticle formation has been investigated by many
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researchers.28,37–39,42–44 Surprisingly, there is a lack of literature
investigating cavitation bubbles in highly viscous liquids, although
viscous liquids are becoming more and more interesting for LAL
applications in oils45,46 or monomers47 through offering the possi-
bility for a one-step synthesis of colloids. For example, nanoparti-
cles as additives in engine oil are relevant in the automotive
industry, where nanoparticles are often used to enhance the tribo-
logical properties of the lubricant.46,48 The one-step synthesis via
LAL could replace the process of dispersing chemical synthesized
particles in oils which often leads to agglomeration and thus to
lower functionality. However, it is still mostly unknown how viscos-
ity and surface tension influence shape, lifetime, and size of the
laser-generated bubble, and how they influence the nanoparticle
growth and agglomeration inside the bubble.49,50 A deeper under-
standing could offer new ways to ultimately improve the overall
LAL process, i.e., repeatability and productivity. A perfect hemi-
spherical bubble is expected in an inviscid flow,51 and most of the
above-mentioned studies on laser ablation in low-viscosity liquids
(water, ethanol, etc.) assume a hemispherical shape. Only a few
reports deal with the complete description of the bubble shape
(rim, interlayer, and contact angle). Tomko et al. reported an asym-
metric shrinking.35 Contact angle hysteresis and bell-shaped
bubbles in water have been observed.39 Ibrahimkutty et al. reported
an inward jet36 which agrees with a numerical study by Lechner
et al. using the finite-volume method applied to Navier–Stokes
equations for a compressible fluid.51,52 From studies of cavitation
bubbles close to a solid–liquid interface, it is further known that
the viscosity has a significant influence on the bubble shape.53

Furthermore, the very fast and thin jet observed in the
cavitation-collapse-simulations by Lechner et al. is unlikely to be
observed at liquid viscosity 40 times higher than water as the
annular inflow is no longer fast enough. At such high viscosities, a
jet forms which is much wider and much slower (on the order of
100 m/s) than in water (about 1000 m/s).54 Still, there is no model
available yet to fully describe the shape of the LAL-induced bubbles
for any viscosity. Moreover, laser-induced bubbles close to a
surface are characterized by a fast moving vapor–liquid interface.
By experimentally investigating the bubble dynamics in viscous
liquids, we could get access to an unusually high value for the
capillary number and address the original and unprecedented
condition in the literature. In this study, we investigate the
relevant parameters (e.g., bubble size, velocity, lifetime, contact
angle, contact area) for laser ablation of both gold and
yttrium-iron-garnet (YIG) in water and in highly viscous polyal-
phaolefin (PAO), and we take a deeper look into the origin of
the deviations from the semispherical shape.

II. EXPERIMENTAL

The experiments were carried out in commercially available
Spectrasync PAO6 (density ρ = 0.827 g/cm3, kinematic viscosity
ν ¼ 80:8 mm2=s @ 293 K) and Spectrasync PAO40 (density
ρ = 0.850 g/cm3, kinematic viscosity ν ¼ 764 mm2=s @ 293 K) sup-
plied by Exxon Mobile. The viscosity of PAO is influenced by its
chain length. Pure water (18.2 MΩ/cm2) was used as a reference
fluid (density ρ = 0.997 g/cm3, kinematic viscosity ν ¼ 1:00 mm2=s
@ 293 K, surface tension γ ¼ 72:8 mN=m). The surface tension γ

also changes to 29.7 mN/m for PAO6 and 31.5 mN/m for PAO40
(@ 297 K). As ablation targets, we have chosen a commercially
available gold foils (99.99%) and yttrium-iron-garnet (YIG,
Y3Fe5O12) wafers to experience different wettability. The uncleaned
gold foil is assumed more hydrophobic than the hydrophilic
oxides. Note that the hydrophilicity does not only depend on the
material, but can also be altered by impurities, microstructures, and
adsorbed species on the surfaces.55 The first bubble expansion and
its collapse are very fast with respect to the heat conduction charac-
teristic time. Therefore, the bubble growth is assumed to be adia-
batic as it was shown by Lam et al.28 and we can neglect the heat
transfer from the inner bubble to the liquid. As a result, we con-
sider the kinematic viscosity and the surface tension constant
during the first bubble expansion and collapse.

For the fast imaging shadowgraphy experiments, a target is
placed in a cubic vessel with 6 ml of liquid. The liquid layer thick-
ness above the target is 6.5 mm. For the sake of comparability, the
liquid layer thickness above the target is fixed throughout all exper-
iments. The third harmonic of a pulsed Nd-YAG-laser (355 nm,
5 ns, 9 Hz, 7.2 mJ/pulse) is focused on a spot with a diameter of
approximately 260 μm, resulting in a fluence of 13.6 J/cm2. In our
setup geometry, the liquid’s transmission at 355 nm for a 6.5 mm
liquid thickness is 99% for water, 97% for PAO6, and 96% for
PAO40, ensuring similar fluence for the three liquids (see Fig. S1 in
the supplementary material). Ablation is observed at 210 000
frames per second, which corresponds to an integration time of
4.75 μs, by an ultrafast camera (Phantom v711, Vision Research).
On the camera, a Zoom 6000 from Navitar is mounted. The mag-
nification of the optical system is 0.65. According to its perfor-
mance specification, the resolution limit of the Zoom 6000 optical
assembly is then 31 μm, which also corresponds to the image of a
single-pixel (20 μm in size divided by the magnification). It leads to
an overall resolution of 44 μm (

p
2� 31 μm). A pattern of ultra-

bright LEDs is used for illumination. To avoid distorting the results
by inhomogeneities of the target surface or through changes in the
liquid parameters causing changes in the target illumination, each
experiment is performed on a fresh target spot in fresh liquid while
the vessel is cleaned between each experiment. The camera is syn-
chronized with a laser beam shutter to ensure that the camera
starts imaging right after the first laser shot on a fresh surface.

III. RESULTS

Figure 1(a) shows the dynamics of the bubbles in three liquids
for a gold target (videos for both the gold and YIG targets are
available in the supplementary material). Starting with the first
image 4.75 μs after the laser impact, the bubble starts to expand,
reaching its maximum expansion after 100–150 μs. Interestingly,
the bubbles in PAO6 and PAO40 continue expanding in the verti-
cal direction, even after the expansion in the horizontal direction
stopped, highlighting the strength of the friction. The footprint of
the bubble in PAO40 stays almost constant during the collapse
which could affect the redeposition of the ablated material on the
target surface [see Fig. 1(b)].

Figure 1(c) depicts the vertical bubble radius (height) for the
different liquids as a function of time. Assuming a rotational sym-
metry of the bubble shape, the maximum volume is deduced from
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the bubble shape at its maximum vertical radius. The average
maximum volume for each liquid is shown in Fig. 1(e). After the
maximum expansion, the shrinking starts, ending with the collapse
of the cavitation bubble followed by bubble oscillations (videos of
the whole process including oscillation are provided in the supple-
mentary material). The total lifetime of the first bubble is between
190 and 280 μs, depending on the liquid [Fig. 1(d)]. For each
bubble, the lifetime is consistent with the Rayleigh collapse time
deduced from the maximum vertical radius (see Fig. S2 in the
supplementary material). Compared to water, the number of oscil-
lations is smaller in the PAOs. Obviously, the highly viscous PAOs
provide higher damping of the bubble oscillation through viscous

energy dissipation, resulting in only one oscillation for PAO40.
After oscillations, persistent bubbles56 are formed from the cavita-
tion bubble, and their mobility decreases dramatically for high vis-
cosities. The collapse in water releases microbubbles into the liquid
that only partly adhere to the target surface. In contrary, LAL in
PAO40 results in persistent oblate-shaped bubbles sticking to the
target, independent of the ablated target material [see Fig. 2(c) and
the videos in the supplementary material].

There are changes when increasing the viscosity of the
liquid, not only in the lifetime and the maximal size of the
bubble, but also in the shape and contact angle between the target
and the bubble. The physics of spherical and hemispherical

FIG. 1. (a) Shadowgrams of the cavitation bubbles after the impact of a ns-laser pulse on a gold target in water (top), PAO6 (middle), and PAO40 (bottom). Videos of both
gold and YIG LAL in water and PAOs are available in the supplementary material. (b) Zoom on the collapse in PAO40 with a focus on the footprint diameter, as well as
the persistent oblate bubble after oscillation. (c) Vertical radius (height) for each liquid plotted as a function of time. The error bars correspond to the resolution of the
imaging system (±22 μm). (d) Lifetime and (e) maximum volume of the first bubble for a gold target and an YIG target. The error bars correspond to the 80% confidence
interval according to Student’s t-distribution.
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bubble oscillation has extensively been studied in the past57 with
focus on bubbles in water. Various studies are also available for
cavitation bubbles at different distances from a solid boun-
dary.52,58,59 To discuss the differences in the bubble dynamics in
the present case, we have developed a Python code to deduce
from the movie the time evolution of the relevant geometrical
parameters characterizing the bubble shape. For each image, the
bubble shape is fitted using a circular arc for the top of the bubble
(spherical shape) and a continuous line for the interlayer (conical
shape). The shape of the interlayer is assumed to be conical to
measure the apparent contact angle θ. The geometrical quantities
deduced from the fit are the height of the bubble R, which
remains almost equal to the radius of curvature during the bubble
expansion, the footprint radius X, the distance L between the
bubble boundary (edge of the interlayer) and the center of the
bubble, the thickness e of the interlayer, and the contact angle θ

[see Figs. 2(a) and 2(b)].
From the measurement of R, X, and L as a function of time,

we can compute velocities,

V t ¼
dR

dt
; Vcl ¼

dX

dt
; Ve ¼

dL

dt
, (1)

where Vt is the velocity of the vapor/liquid interface at the top of
the bubble, Vcl is the velocity of the apparent three-phase contact

line, and Ve is the velocity of the vapor/liquid interface at the edge
of the bubble.

Figures 3(a) and 3(b) show the Reynolds number Re and the
Weber number We computed from the velocity V t of the top of the
bubble, while Fig. 3(c) shows the capillary number Ca computed
from the velocity Vcl of the apparent contact line,

We ¼ ρV2
t R=γ, (2)

Re ¼ V tR=ν, (3)

Ca ¼ ρνVcl=γ, (4)

where ρ is the fluid mass density, γ is the surface tension, and ν is
the kinematic viscosity. R is the height of the bubble, which
remains almost equal to the radius of curvature of the cap during
bubble expansion. Re and We values do not appear to significantly
depend on the target material. Re and We mainly scale with the
kinematic viscosity (/ν�1) and the surface tension (/γ�1), respec-
tively, because the velocity V t and the height R of the bubbles do
not differ significantly from a liquid to another (for a given nor-
malized time, less than one order of magnitude). As Re and Ca
depend on the kinematic viscosity, three regimes are clearly distin-
guishable, on the opposite of We evolution which only deals with

FIG. 2. (a) Image of a laser-generated
bubble on gold in PAO6 showing the
relevant geometrical parameters. (b)
The red and black curves correspond
to the bubble shape returned by the
image processing (raw data) for the
expanding and receding phases,
respectively. Inset: the black curve is
the bubble contour obtained from raw
data and the blue curve corresponds to
its fit. (c) Images of the cavitation
bubbles at their maximal expansion
(left panel) and persistent bubbles after
oscillation (right panel) depending on
the target (gold, YIG) and liquid (water,
PAO6, and PAO40) combinations.
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surface tension. High values of We and Re are achieved for the
three solvents, which indicate that the balance between inertia and
inner pressure dominates the motion of the bubbles cap. The three
regimes then mainly concern the bubble motion close to the
surface. By comparing viscous force with inertia, Re shows decreas-
ing values with viscosity. From water to PAO6 and PAO40, Re is
reduced by 2 and 3 orders of magnitude, respectively, and is close
to unity for the more viscous oil. This trend is confirmed by the

evolution of Ca. In water, Ca is less than unity in the first μs before
reaching 10−2 at the maximum bubble size. In PAO6 and PAO40,
the same evolution is shifted by 2 and 3 orders of magnitude
toward high capillary numbers. Contrary to the case of water, the
viscous force cannot be neglected anymore with respect to inertia
in polyolefin. The relatively high polyolefin viscosity leads to
contact-line friction,62 which competes with inertia and then drives
the bubble motion close to the surface.

The main differences in the bubble dynamics between differ-
ent viscosities can be observed in the behavior of the interlayer
defined in Fig. 2. The spreading of the bubble on the solid target
can be compared to the advancing and receding sessile droplet63–65

or a spreading bubble.66,67 During the early stage of bubble expan-
sion (first quarter of the bubble lifetime), the time-dependent foot-
print radius X(t) of the bubble follows the power-law X(t)/ tn (see
Figs. S3 and S4 of the supplementary material). The corresponding
exponent n which characterizes the spreading regimes is shown in
Table I and indicates only a weak dependence of the bubble expan-
sion on the target material. The exponent n is around 0.39 for
water. Such value is consistent with regimes where the dominant
resistance is liquid inertia. For a bubble characterized by a constant
volume, these regimes lead to theoretical time evolution between
t1/2 and t1/366 depending on the driving force, the gravity or the
capillarity, respectively, which counterbalances the inertia. If the
bubble size is larger or smaller than the capillary length, this leads
to a flattened or a spherical shape, respectively. By considering our
bubble shape as hemispherical, an inertiocapillary regime with t1/3

is in good agreement with the data in Table I for water and PAO6.
However, for laser-generated bubbles, the driving force during the
early expansion of the bubble is clearly different and corresponds
to the bubble inner pressure. Moreover, the bubble volume is not
constant. In water, for large Weber and Reynolds numbers, a sim-
plified Rayleigh–Plesset equation applies and reflects the balance
between inertia and inner pressure (PB),

28

ρ R€Rþ
3

2
_R
2

� �

¼ PB(t)� Pl , (5)

where Pl denotes the surrounding liquid pressure( � PB), and the
inner pressure PB follows the isentropic relation PB / A R�3α with
α being the heat capacity ratio and a constant A.28 It leads to the
balance ρ R2

t2
¼ A R�3α and then to the power-law coefficient

n ¼ 2
3αþ2

. For a laser-generated bubble, we can expect n ¼ 1=3
for water (αwater ¼ 1:33) and n ¼ 2=5 for large molecules (α tends

FIG. 3. (a) Weber number We and (b) Reynolds Re number calculated from the
velocity V t at the top of the bubble. (c) Capillary number Ca was calculated
from the velocity Vcl of the apparent contact line. The normalized time corre-
sponds to the duration of the first expansion and shrinking of the bubble. No
movement is observed (Vcl ¼ 0) for the apparent contact line during the period
delimited by the arrows. Error bars are deduced from the propagation of uncer-
tainty (see the supplementary material) and take into account an uncertainty
of ± 30% on the viscosity, an uncertainty of ± 3% on the surface tension,60,61

and an uncertainty of ± 22 μm on the geometrical parameters (R and X).

TABLE I. Value of the parameter n from the fit with X(t)∝ t
n, where X(t) is the time-

dependent footprint radius of the bubble during its early expansion, i.e., the first
quarter of the bubble lifetime (see Figs. S3 and S4 in the supplementary material).
The values in brackets correspond to the 80% confidence interval according to
Student’s t-distribution.

n Gold YIG

Water 0.389 (±0.051) 0.393 (±0.028)
PAO6 0.332 (±0.073) 0.334 (±0.05)
PAO40 0.194 (±0.035) 0.200 (±0.053)
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to 1). These values are consistent with the measured ones for water
[X(t) and R(t) are identical for water] and PAO6. In contrast, n is
significantly smaller for the most viscous PAO40 (n≈ 0.2) which
indicates a change of regime to domination of viscous forces. By
increasing the viscosity, the Reynolds number decreases, and the

Capillary number drastically increases. Close to the surface, friction
has to be included in the resistance forces along with inertia. For a
droplet characterized by a constant volume, when inertia is mar-
ginal, the balance between the surface tension and the viscous dissi-
pation leading to friction at a small scale is described by Tanner’s
law with t1/10. A decrease of the n value with increasing viscosity
makes sense, even if Tanner’s law assumes again a constant
volume, as well as a low capillary number (Ca � 1), which only
applies for the bubble’s dynamics close to their maximum radius
(see Fig. 3). To the best of our knowledge, there is no study avail-
able in the literature describing a droplet or bubble spreading in a
high capillary number regime such the ones reached for high-
viscous PAOs, i.e., up to 100. However, large Ca numbers are
achieved in the context of high-speed coating, up to 1000 for the
coating of optical fibers (see Refs. 68 and 69 and references inside).

The velocity of the apparent three-phase contact line is drawn
as a function of the apparent dynamic contact angle in Fig. 4 for
PAO6, PAO40, and water. In the case of water, the expanding
bubble is hemispherical, and the apparent contact angle is constant
around 90° during most of the bubble lifetime [also see Fig. 1(a)]
due to the inertial regime with a low capillary number [see Fig. 3(c)].
There is only a deviation from 90° during the collapse phase (see
Fig. 4) characterized by a sharp acceleration of the bubble. When
increasing the liquid viscosity and hereby the capillary number Ca
by several orders of magnitude [see Fig. 3(c)], we observe the
appearance of hysteresis between expanding and shrinking bubble
for the apparent contact angle between the target and bubble. The
hysteresis is similar to the behavior observed for a moving liquid
droplet or a dynamic sessile drop at small Ca numbers.64,70,71 In
the limit of the small Ca number, the apparent contact angle is

FIG. 4. Velocity of the apparent contact line as a function of the apparent
contact angle plotted for a few laser-induced bubbles on a gold target in PAO6
(green squares), PAO40 (blue triangles), and in water (red circles). Pictures cor-
respond to a laser-generated bubble in PAO6.

FIG. 5. Measured thickness e of the interlayer of bubbles on gold and YIG in PAO6 during the expansion phase of the bubble (a) as a function of time and (b) as a func-
tion of the ratio

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ν�L=Ve
p

with the slope Zb as a proportionality factor (the inset shows the definition of the interlayer). The coefficient of determination is R
2 = 0.96 for YIG

and R2 = 0.98 for gold. The error bars for the layer thickness are based on the optical resolution (see Sec. II) and the x axis error is estimated following the propagation of
uncertainty.
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described by the Cox–Voinov hydrodynamic model of dynamic
wetting72 and has been extensively studied.64,70 But, this relation
does not apply here. A molecular-kinetic theory has been also
developed to describe the velocity-dependence of the dynamic
contact.59,62 Blake et al. introduced activation energies of adsorp-
tion and desorption from the surface of the molecules of the liquid.
The velocity-dependence of the dynamic contact angle is then due
to the perturbation of the adsorption equilibrium due to motion of
the contact line. Yet again, the model did not succeed to fit the
data for the largest capillary numbers, highlighting the originality
of the dynamics reported here.

The interlayer does not only come with a time-dependent
angle, but also with a time-dependent height. Figure 5(a) shows the
time-dependent height of the interlayer during the expansion for
the two targets in PAO6. The error bars are based on the calculated
temporal and special resolution of the experimental setup. The
interlayer for PAO40 is not addressed because the round shape of
the bubble would lead to an arbitrary definition of the parameters
L and e. For PAO6, Fig. 5(a) shows no differences in the height of
the boundary layer between a gold and an oxide target. The thick-
ness of the interlayer increases with time and fits the following
boundary layer equation with the dimensionless constant Zb,

e ¼ Zb

ffiffiffiffiffi

νL

Ve

r

, (6)

where Ve ¼ dL
dt
is the velocity of the liquid/vapor interface at the edge

of the bubble, ν is the kinematic viscosity, and L is the distance
between the bubble boundary at the edge of the interlayer and the
center of the bubble. The slope of the regression lines in Fig. 5(b)
represent the dimensionless constant Zb. The slope is almost inde-
pendent of the target material with Zb,YIG= 1.1 and Zb,Gold= 0.9. A
similar behavior has been observed by Van Ouwerkerk for bubbles
on a hot surface during boiling of the liquid.73,74 Assuming no
change in the shape during the bubble growth, Van Ouwerkerk
deduced Zb= 0.9 from a self-similar approach and reported experi-
mental values for Zb between 0.3 and 0.8.

IV. CONCLUSION

Laser-induced cavitation in liquids is a key method applied to
understand cavitation near solid boundaries, but also highly rele-
vant for the laser synthesis of colloids. Indeed, the cavitation
bubble and also the resulting persistent microbubbles may shield
subsequent laser pulses, affecting productivity and reproducibility
of the laser generation of nanoparticles. While it is intuitive that
viscosity plays a role, experimental investigations under variation of
both the target and liquid types have been missing. In this work,
we showed that an increase of the kinematic viscosity by 2 orders
of magnitude compared to water does affect the lifetime, the shape,
the size, and the damping of the oscillation of laser-induced cavita-
tion bubbles. Bubbles can be divided into two geometrical sections,
separated by a rim: a spherical cap with a dynamic driven by iner-
tial forces and an interlayer close to the target where the shape
differs from a sphere when the contribution of the viscous forces to
the friction drastically increases. Indeed, looking at the bubble foot-
print dynamics close the target, an inertiocapillary regime is

observed for intermediate viscosity and the thickness of the inter-
layer is in accordance with a boundary layer equation. Moreover, a
contact angle hysteresis appears with increasing viscosity. These
findings poorly depend on the target material which suggests that
the shape and the dynamics of the bubble are driven by the contri-
bution of the viscous forces to the friction, rather than by static
hydrophilicity of the target. However, by increasing the viscosity,
the behavior of the contact line cannot be interpreted with simpli-
fied hydrodynamic (Cox–Voinov) or molecular-kinetic theory
models, highlighting the originality of the dynamics reported when
extremely high capillary numbers are achieved. In addition to vis-
cosity effects on the first cavitation of laser-induced bubbles, persis-
tent bubbles show noteworthy phenomenological differences
caused by the liquid and appear independent of the target type.
These bubbles are spherical and partly dispersed for laser ablation
in water, whereas in PAO40 a larger, flat, persistent bubble adheres
to the target.

SUPPLEMENTARY MATERIAL

See the supplementary material for more information on
bubble height, bubble shrinking, and the automated data processing
for shadowgraph imaging. The supplementary material also pro-
vides information on the time dependence of the footprint radius
and on the Rayleigh collapse time.
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Highlights: 

 Influence of LPP parameters on the phase composition and size of yttrium iron 

garnet (YIG) nanoparticles was investigated 

 ps-LFL is found to be much more efficient for fragmentation as compared to ns-LFL  

 ns-LML results in larger particle sizes, phase purification of the garnet structure and 

ultimately higher magnetization 

 ps-LFL reduces particle size from 14 nm to 5 nm, significantly increases 

monomodality compared to ns-irradiation, and transforms YIG nanoparticles to 

another nanocrystalline species with far lower magnetization 
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Abstract: Modification of the size and phase composition of magnetic oxide nanomaterials dispersed

in liquids by laser synthesis and processing of colloids has high implications for applications in

biomedicine, catalysis and for nanoparticle-polymer composites. Controlling these properties for

ternary oxides, however, is challenging with typical additives like salts and ligands and can lead to

unwanted byproducts and various phases. In our study, we demonstrate how additive-free pulsed

laser post-processing (LPP) of colloidal yttrium iron oxide nanoparticles using high repetition rates

and power at 355 nm laser wavelength can be used for phase transformation and phase purification of

the garnet structure by variation of the laser fluence as well as the applied energy dose. Furthermore,

LPP allows particle size modification between 5 nm (ps laser) and 20 nm (ns laser) and significant

increase of the monodispersity. Resulting colloidal nanoparticles are investigated regarding their size,

structure and temperature-dependent magnetic properties.

Keywords: yttrium iron oxide; perovskite; garnet; phase transformation; ferrimagnetic nanoparticles;

laser ablation; laser fragmentation; laser melting; monodisperse

1. Introduction

Magnetic mixed metal oxide nanoparticles are an important class of materials for catalysis [1,2],

biomedicine [3–5], and nanoparticle-polymer composites [6,7] and are also of high interest for

applications in additive manufacturing, e.g., for 4D printing of magnetic structures [8–10]. For many of

these applications, nanoparticles are required in colloidal form, dispersed in liquids such as pure water,

organic solvents or polymer solutions. As a green method for synthesis and size modifications of

colloidal nanoparticles, laser ablation in liquid (LAL) and laser post-processing (LPP) [11] have proven

to be scalable [12,13] and versatile regarding nanoparticle composition [14–23] and choice of the liquid

medium [24–28]. By LAL, metal and metal oxide nanoparticles have been successfully generated in

relevant amounts, which is a key requirement for application. To increase the nanoparticle yield from

oxide targets in LAL, unwanted byproducts in the form of microparticles should be minimized, which

is achieved by using mechanically stable targets. In this way, challenging materials like ternary oxide

nanoparticles [29,30] or doped nanoparticles [31,32] can be produced.

One of these challenging materials is Y3Fe5O12 (yttrium iron garnet, YIG), which is widely used

as a material for microwave devices [33]. YIG is also known for its outstanding magneto-optical
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properties [34–36] and low spin-wave damping [37]. Furthermore, YIG nanoparticles synthesized

by LPP were successfully used in laser-based additive manufacturing of steel powder [38]. As a

competing phase to YIG, YFeO3 (yttrium iron perovskite, YIP) also features excellent magneto-optical

properties [39]. It is a canted antiferromagnet with a very low magnetization of 0.2 Am2kg−1 and

a high domain wall velocity [39]. However, there are only a few studies available on the magnetic

properties of ultra-small YIG and YIP nanoparticles <10 nm. It is known that the surface-to-volume

ratio affects the anisotropy constant, which makes ultra-small YIG particles particularly interesting [40].

Schmitz et al. demonstrated a LAL approach to obtain YIG nanoparticles, followed by LPP of the

colloid via ns laser fragmentation in liquid (ns-LFL) for subsequent nanoparticle size reduction and

ended up with unexpected high coercive and irreversibility fields at low temperatures [30]. The

generated nanoparticles were much smaller than by wet chemical approaches [40], but considering

their volume-weighted particle size distribution, still, a significant number of larger particles above

10 nm was present. The broad size distribution is a disadvantage which hinders the correlation of

interesting magnetic properties and size and phase of the nanoparticles. Typically, size control during

LAL and LPP can be achieved by variation of laser parameters and the choice of specific additives or

saline solutions [41–44]. Variation of salinity works well with noble metals like gold, but in the case of

less noble metals, molecular oxygen can oxidize the resulting nanoparticles. Moreover, in the case

of oxides, stabilization with salts does not work and macromolecular ligands can affect the chemical

composition of the nanoparticles [29,30], which makes size control of oxide nanoparticles challenging.

To overcome this, we investigate LPP of ligand-free YIG colloids with ps and ns pulses to

manipulate the particle size distribution and possibly the phase composition to get deeper insights

into the magnetic properties of the resulting nanoparticles.

2. Results and Discussion

2.1. Nanoparticle Size Modification

To achieve a particle size modification, the applied laser fluence is a crucial parameter. According

to Lau et al. there are four different fluence regimes [45]. In the first regime, there is no effect of the

laser irradiation on nanoparticle size (untreated, UT), in the melting regime, particles partially melt

and/or fuse together (LML), in the fragmentation regime the fluence is large enough to fragmentize

particles (LFL) and in the optical breakdown regime (OB), losses through ionization of the liquid reduce

fragmentation efficiency. Figure 1a shows colloid samples right after LAL and after LPP with different

fluences and pulse durations. As expected, the influence of laser fluence variation can be observed right

from the clouding (flocculation) of the YIG colloids, since particle size directly influences the scattering

intensity. Colloids show the most pronounced clouding after LAL and low fluence ns post-processing.

After high fluence post-processing, the clouding is significantly reduced, indicating smaller particles.

The lowest scattering intensity can be observed for high fluence ps-LFL. To quantify this effect, the ratio

of the absorbance at 320 and 800 nm was calculated from UV-Vis absorbance spectra (Figure 1b). At

320 nm, YIG shows a concentration-dependent absorbance, whereas the scattering of larger particles

dominates absorbance at 800 nm. This ratio gives a good impression on the scattering intensity and

is expected to correlate with nanoparticle size, similar to the primary particle index (PPI) known for

gold and ZnO colloids [45–47]. On this basis, one can calculate a process efficiency which is given by

the Abs320/Abs800-ratio after post-processing relative to the Abs320/Abs800-ratio before post-processing

(after LAL).
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Figure 1. (a) Image of the educt colloid gained by laser ablation in water and the colloids after laser

post-processing with different pulse durations and fluences at the same nanoparticle concentration.

From left to right: educt, ns low fluence, ns high fluence, ps high fluence. (b) Corresponding

UV-Vis-extinction spectra. Differences in the ratio of the absorbance at 320 and 800 nm (wavelength

marked in the graph) already indicate differences in nanoparticle size distribution. An alternative

measure for the process efficiency is the Furlong slope, presented in the Supplementary Material,

Figure S3.

The process efficiency as a function of fluence is depicted in Figure 2. For ns-LPP (Figure 2a),

all the regimes mentioned above are passed as a function of fluence. Below 5 mJ/cm2, the process

efficiency is negative, which indicates more scattering and slightly larger particles. There is some

uncertainty regarding the transition between UT and LML regime since the absolute values of the

process efficiency are rather small. Since we aimed for working in the LML and LFL regime, no further

investigation of the transition between the UT and the LML regime was performed. Above 5 mJ/cm2

the process efficiency shows positive values (LFL regime) with a maximum at 30 to 40 mJ/cm2. As

expected, the process efficiency does not increase further for higher fluences (OB regime). A similar

trend can be observed for ps post-processing (Figure 2b), but the optical breakdown occurs at lower

fluences due to the higher pulse energy of ps pulses. Note that deviations of the optical breakdown

threshold from literature might be due to self-focusing effects of the cylindrical liquid jet, which results

in a much higher fluence [48]. Compared to the ns-LFL, ps-LFL shows an approximately 200% higher

process efficiency at the same specific energy input, which is attributed to the shorter pulse duration

and less thermal energy losses through electron-phonon coupling and a higher pulse intensity due to

shorter pulses.
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Figure 2. Process efficiency as a function of laser fluence for (a) ns and (b) ps post-processing. The process

efficiency is based on the UV-Vis absorbance spectra and is calculated from the Abs320/Abs800-ratio

after post-processing relative to the Abs320/Abs800-ratio before post-processing. The arrows indicate

the optimum parameters for melting/curing (blue) and fragmentation (orange and green). In all

cases, the specific energy input was 706 kJ/g. Note that the choice of specific energy dose represents a

compromise between maximum fragmentation and minimum process duration. Further information

on the variation of the specific energy dose can be found in Supplementary Materials, Figure S2.

In contrast to ns irradiation, ps irradiation does not show any negative values for YIG in

the investigated fluence range above 1.8 × 10−5 J/cm2 (no LML regime). In general, melting and

fragmentation processes strongly depend on the pulse duration, the laser fluence, the particle absorption

cross-section, and the thermal diffusion length in combination with the nanoparticle size or volume.

For long pulse durations in the range of ns, more homogeneous heating can be expected and LML

was observed in many studies. If the pulse duration is much shorter (e.g., ps pulses), homogeneous

heating is unlikely and evaporation at the particle surface leads to nanoparticle byproducts even

below the fragmentation threshold. To our best knowledge, there are just a few studies reporting

ps-LML [45,49–51]. Sakaki et al. reported on burst-mode laser irradiation for homogeneous heating

depending on the number of pulses and the interval between them to generate submicron spheres [50].

In other studies, high nanoparticle concentrations in the range of g/L were used for ps-LML [45,51],

which is much higher than in our study and can lead to stability issues. All in all, we conclude that the

chosen laser parameter, especially the laser fluence, in combination with the YIG colloid of the given

concentration and particle size distribution, were not suitable for efficient ps-LML.

Results of optical characterization and determination of the process efficiency are reflected in

the mass-weighted hydrodynamic size distribution shown in Figure 3. In general, LFL results in a

narrowed distribution at smaller particle size, whereby ps-LFL is much more efficient than ns-LFL. In

contrast, ns-LML results in a preservation of the initial particle size distribution after LAL and only

minor reduction of the particle´s mass fraction below 40 nm. Compared to ns-LFL, ns-LML features a

slightly smaller peak maximum, but a broader distribution and a higher number of particles >60 nm.
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Figure 3. Mass-weighted hydrodynamic size distribution of the educt colloid after LAL and of the

colloids after post-processing with lasers of different pulse durations and fluences, respectively.

TEM images in Figure 4 support these trends. Feret diameter distributions after LML show a

clear difference between the educt and the LML-treated colloid. The xc-value (expected value) of the

lognormal fit increases from 14.9 nm to 20.0 nm and the polydispersity index (PDI), which is calculated

from the square of the expected value xc
2 divided by its variance σ2, decreases from 0.33 to 0.14. This

indicates an improved degree of monodispersity and an improved degree of monodispersity. LFL, on

the other hand, significantly reduces the number of large particles >20 nm and leads to an xc-value of

7.8 nm for ns-LFL and 5.3 nm for ps-LFL, respectively. Monodispersity increases significantly from

LAL generated colloids (PDI = 0.33) to ns-LFL (PDI = 0.17) and ps-LFL (PDI = 0.07). Overall, the

size analysis clearly shows a trend toward ps-LFL being much more efficient than ns-LFL at the same

specific energy input, leading to a narrower particle size distribution. Thus, we only compare ps-LFL,

ns-LML with the educt after LAL in the following structural and magnetically characterization.
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Figure 4. (a–d) TEM images and (e–h) corresponding size distributions (number-weighted) for the

educt colloid after LAL and of the colloids after post-processing with lasers of different pulse durations

and fluences. For each size distribution >500 particles were counted. The xc value (expected value of

the lognormal fit) is given for each size distribution.

2.2. Structural Analysis

X-ray powder diffraction is applied for the phase identification of the generated nanoparticles.

Figure 5 presents the diffractograms on a linear scale after LAL, ns-LML, and ps-LFL. It is obvious that

all diffractograms show the typical signature of YIG nanoparticles [52–54]. After LAL, however, an

additional broad peak is found underneath the YIG(420) diffraction peak, which may indicate small

grains of YIG or an additional phase. Note that the YIG(420) peak is the most prominent in powder
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XRD at about 32◦. After ns-LML, the broad feature under the (420) peak vanishes and the YIG peaks

further sharpen. This observation points to a growing grain size after the particles’ melting and is

entirely in line with the observed particle growth in Figure 5. When ps-LFL is applied, the TEM size

distribution gives a reduced particle size (xc = 5.3 nm) and a sharper distribution. Although in the

TEM investigations no larger particles have been found, it is clear from the diffractogram of the ps-LFL

sample that the fragmentation is incomplete, and thus, some large YIG particles remain. Furthermore,

the diffractogram exhibits again the broad feature overlapping with the YIG(420) diffraction peak and

an additional broad peak at about 47◦ as indicated by the red stars. We carefully checked possible

side phases such as several Fe oxides and Y2O3, since phase transformation can occur for LPP of oxide

colloids [55], but none of those fits with their largest diffraction peaks to the two broad features (red

stars). Another Y-Fe oxide, namely the yttrium iron perovskite phase YFeO3 (YIP), exhibits several

diffraction peaks in the respective range, as reported by Nagrare et al. for YFeO3 nanocrystals [56].

Considering the small crystallite size of about 5 nm, several closely located XRD peaks will overlap

and merge. As a result, very broad diffraction peaks appear and only a few, well-separated diffraction

‘bands’ can be distinguished. We conclude that it is likely that YFeO3-like nanocrystallites, presumably

highly distorted, form by ps-LFL.

 

  

Figure 5. X-ray diffraction data after laser ablation in liquids (LAL), ns laser melting in liquids (ns-LML)

and after ps laser fragmentation in liquids (ps-LFL). The pronounced YIG diffraction peaks (JCPDS

PDF card 33-693) are indexed in black. Red stars indicate additional broad XRD features after ps-LFL.

The positions of main diffraction peaks of YIP (JCPDS PDF card 39-1489.) are indexed in red (a plot

with a logarithmic scale can be found in the Supplementary Materials, Figure S4).

Further evaluation of the XRD data yields the crystallite size by applying the Scherrer equation on

the (420) peak at about 32◦. We obtain crystallite sizes of 30 ± 5 nm, 48 ± 8 nm, and 35 ± 6 nm after LAL,

ns-LML, and ps-LFL, respectively, and conclude that ns-LML enhances the crystallite size while the

XRD crystallite size is much larger than the most probable TEM diameter. This arises from the small

number of large particles comprising a dominant scattering volume in XRD. However, the tendency of

an increased size by ns-LML is clear from both TEM and XRD investigations. Fragmentation, on the

other side has no significant influence on the XRD grain size of the YIG phase. We ascribe this to a

very small, remaining fraction of non-fragmented educt particles in the ps-LFL processed colloid. The

additional peaks indicated by the red stars correspond to a crystallite size of 4.5 ± 1.5 nm. This value is

in good agreement with the size distribution after ps-LFL.
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In summary, the structural investigations suggest the formation of larger YIG crystallite sizes after

ns-LML, while ps-LFL leads to smaller particles, crystallized probably in the YIP phase. A further

magnetic inspection may allow identifying these two distinct phases.

2.3. Magnetic Properties

The magnetic properties of the educt and further sample processing can help to identify both the

phase and the size of magnetic nanoparticles. Starting with the sample after LAL, it can be expected to

find different magnetic properties after ns-LML and ps-LFL. Figure 6a presents the magnetization of the

three samples as a function of temperature. The points below 300 K were extracted from the magnetic

hysteresis loops after LAL, ns-LML, and ps-LFL, respectively (Figure 6b–d). The dotted line is a guide

to the eye. Data above 300 K were continuously recorded in the vibrating sample magnetometer. All

samples show the expected behavior for ferrimagnetic YIG with a Néel temperature of about 550 K.

This is essentially the Néel temperature of YIG single crystals of TN = 553 K [39] (and references in

there) reflecting the high-quality YIG produced by LAL and the post-processing steps. The absolute

values of the magnetization after LAL of 6 Am2kg−1 at low temperatures is, however, strongly reduced

as compared to a single crystal (26.8 Am2kg−1) [39] or the lower magnetization of YIG nanoparticles of

similar size (MS = 10 Am2kg−1 for a diameter of 14 nm) [40]. Interestingly, the magnetization changes

upon post-processing. When ns-LML is applied, we obtain M = 10.5 Am2kg−1 confirming the above

MS of similar-sized particles [40]. Thus, ns-LML improves the nanocrystal quality and may transform

quasi-amorphous particles and YIP phases to YIG nanocrystals.

 

  

Figure 6. Magnetic properties of laser-generated yttrium iron oxide nanoparticles: (a) Magnetization as

a function of temperature in B = 0.1 T after LAL, ns-LML, and ps-LFL. Points below 300 K are extracted

from the hysteresis loops after LAL (b), ns-LML (c), and ps-LFL (d) connected by the dotted lines as

guides to the eye. Data above 300 K were continuously recorded.
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When ps-LFL is applied, the magnetization decreases to about 3 Am2kg−1 at low temperatures,

where additionally a slight hyperbolic decrease appears. The latter feature can be ascribed

to paramagnetic species generated by ps-LFL. Nonetheless, the major contribution to the

temperature-dependent magnetization still shows the YIG volume Néel temperature. The magnification

of the high-temperature region (T > 400 K, zoom-in is presented in Supplementary Materials, Figure S5),

however, gives a clear indication of a second magnetic species with higher ordering temperature. We

suggest that TN2 = 570 K arising after ps-LFL is due to the formation of the YIP phase from larger

YIG nanoparticles. YIP is a canted antiferromagnet. Single crystals of YIP have a Néel temperature of

643 K and a very low magnetization of 0.2 Am2kg−1 [39]. It is often found that for small particles the

magnetic ordering temperature is reduced. Due to the low magnetization of the canted antiferromagnet,

we can expect that YIP only shows up in magnetometry when the relative amount is rather large.

Assuming the full magnetization of YIG nanoparticles develops in all samples (MYIG = 10.5 Am2kg−1),

the reduction to 3 Am2kg−1 for ps-LFL is equivalent to a phase composition of about 30% YIG and 70%

of a second, quasi-antiferromagnetic phase (presumably YIP) after ps-LFL. Note that magnetometry

measures the mass averaged magnetization.

Further analysis of the magnetic hysteresis loops at various temperatures in Figure 6b–d also

exhibits the features of the two phases. After LAL, a very soft magnetic hysteresis loop is observed as

expected for YIG. After saturation of this component well below 1 T, a paramagnetic slope is recorded.

This can arise from a (quasi-)antiferromagnetic phase, presumably the canted antiferromagnetic YIP

phase, as it has been observed before for 30 nm and 60 nm YFeO3 nanoparticles. Prokov et al. reported

a high field susceptibility of χHF = 0.004 emu mol−1Oe−1 at T = 4 K and slightly lower at 300 K [57].

For comparison, we calculated the high field susceptibility in the identical units. The present samples

show χHF = 0.003 and 0.006 emu mol−1Oe−1 for 300 K and 5 K, respectively, which is comparable

to earlier results for pure YFeO3. Such a relatively small variation of χHF by only 50% from 5–300

K is inconsistent with a Langevin paramagnet which shows a hyperbolic decrease. Thus, we have

three parameters, i.e., the reduced magnetization, the second Néel temperature TN2, and the high field

susceptibility, suggesting the formation of the second (main) phase at about 70% phase content after

ps-LFL. All these features and in the light of the structural investigations, it is likely that a highly

distorted YIP-like phase forms.

3. Materials and Methods

Iron oxide (Fe2O3) and yttrium oxide (Y2O3) nanopowders for target manufacturing were both

purchased from Sigma-Aldrich (St. Louis, MO, USA), homogeneously mixed and pressed at 330 MPa.

Thereafter, the green compacts were sintered at 1550 ◦C for 6 h (Nabertherm LHT 01/17D, Lilienthal,

Germany) to create targets with a pure YIG phase (details on Target manufacturing are shown in [30]).

Since there is an influence of the target porosity on the nanoparticle yield, only dense targets with a

density of more than 95% compared to the bulk density were used for laser ablation in liquids (LAL).

LAL was performed in pure water, obtained from a Milli-Q purification system (Merck, Darmstadt,

Germany), with a 1064 nm Nd:YAG-laser in a batch setup introduced in [58]. At 10 kHz, the laser

(Rofin PowerLine E, Hamburg, Germany) delivered 8 ns pulses with a fluence of 16.7 J/cm2, and LAL

was performed for 5 min. Analog to earlier studies [30,45,59], a liquid jet setup was used for laser

post-processing (LPP) of the laser-generated YIG colloids with a concentration of 160 mg/L (Figure 7).

The colloid was directed through a glass nozzle (60 mL/min), forming a liquid jet with a diameter of

1.3 mm, which was irradiated with either ns- or a ps-pulses at 80 kHz repetition rate (Coherent Avia

355-23, Santa Clara, CA, USA, or Edgewave PX400-3-GH, Würselen, Germany). Since YIG is well

absorbing in the UV range below a wavelength of 370 nm, the third harmonic of the lasers was used by

calculation of absorption efficiency and melting threshold (see Supplementary Materials, Figure S1. for

details on wavelength selection). The liquid jet reactor allows flexible tuning of the applied fluences,

just by changing the distance between the lens and the liquid jet. Further, it is possible to irradiate

colloids several times (several passages) to increase the specific energy dose. According to Lau et al.



Molecules 2020, 25, 1869 10 of 14

the specific energy dose is calculated by subtracting the transmitted laser powder from the nominal

laser power without liquid jet and normalization of this value to the nanoparticle concentration and

volume flow rate [45]. In the present case, roughly 10–20% of the laser power was transmitted through

the liquid jet to the power meter and showed fluctuations of several %. Furthermore, scattering effects

caused by the nanoparticles and diffraction effects at the air-water-interface of the liquid jet make

the calculation of the dose rather inaccurate [48]. Therefore, we ignore transmission and calculate

the nominal specific energy input right from the laser output power in front of the liquid jet and

normalized to the nanoparticle concentration and volume flow rate.

 

 

Figure 7. Schematic illustration of process steps for laser-synthesis of ligand free nanoparticles from

powder materials. From left to right: target manufacturing, laser ablation in liquid (LAL) and laser

post processing (LPP) of colloids.

After LAL and LPP, absorbance spectra in the UV-Vis range were collected for all colloids (Thermo

Scientific Evolution 201, Waltham, MA, USA) and hydrodynamic size distribution was measured by

analytical disc centrifugation (ADC, CPS Instruments, Prairieville, LA, United States). Transmission

electron microscopy (TEM, Zeiss EM 910, Oberkochen, Germany) and X-ray powder diffraction (XRD,

PANalytical X’Pert PRO, Almelo, Netherlands) were used for more information on the Feret particle

size and the phase composition. Finally, the magnetic properties of dried powders were characterized

in a vibrating sample magnetometer (VSM, Quantum Design MPMS XL, Darmstadt, Germany).

4. Conclusions

Laser post-processing (LPP) of colloids is a powerful tool for the modification of particle size and

phase composition of magnetic mixed oxide nanoparticles and therefore an important aspect for their

applicability. Irradiating a laser-generated YIG colloid with ps laser pulses (ps-LFL) results in particle

fragmentation from 14 to 5 nm, accompanied by a significant increase of monodispersity. ps-LFL is

found to be much more efficient for fragmentation as compared to ns-LFL at the same specific energy

dose. At low fluences, however, ns-irradiation allows laser melting (ns-LML) and an increase of particle

size to 20 nm. Furthermore, purification of the YIG phase occurs during ns-LML, which is reflected by

an increase of magnetization from 6 Am2kg−1 to 10.5 Am2kg−1 in B = 0.1 T, in accordance to values

measured for similar-sized YIG particles in literature. In turn, ps-irradiation reduces the magnetization

to 3 Am2kg−1 and gives a clear indication of a second magnetic species with a higher Néel temperature

than YIG. Considering the two Néel temperatures after ps-LFL, the low magnetization which has

been increased by ns-LML and decreased by ps-LFL, and a high field susceptibility, it is very likely

that ps-LFL transforms YIG nanoparticles to another nanocrystalline species with small particle size.

From the measured magnetization, we were also able to approximate a phase composition of 30% YIG

and 70% of a second (quasi-)antiferromagnetic phase, presumably Yttrium Iron Perovskite (YIP). Our

results underline the flexibility of LPP for modification of oxide nanomaterials, which could enable

better applicability, e.g., in nanoparticle-polymer composites.
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Supplementary Materials: The following are available online Figure S1: (a) Absorption efficiency Q_absˆλ as a
function of the particle size (b) Estimation of the fluence required for melting particles (yellow line) and evaporate
them (gray line); Figure S2: UV-Vis absorbance ratio between 320 and 800 nm as a function of the (a) number
of passages during fragmentation and (b) specific energy input in kJ/g which considers, that the ps-laser has
twice the pulse energy and total laser power compared to the ns-laser; Figure S3: (a) Double logarithmic plot of
the UV-Vis absorbance spectra to calculate (b) the Furlong slope from the linear slope between 250 and 300 nm;
Figure S4: Experimental data of the ps-LFL sample in logarithmic scale together with the YIP reference positions
and intensities (JCPDS PDF card 39-1489); Figure S5: Magnetization as a function of temperature at B = 0.1 T in
the high-temperature region after ps-LFL. Two ordering temperatures TN1 and TN2 are detected.
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5 A colloidal additivation process for 

polymer powders 

Surface-functionalization by colloidal additivation with surfactant-free laser-generated metal 

nanoparticles is an established approach for inorganic supports (Chapter 2.5 ) and also for 

oxide particles on steel powder for AM [157,267]. Independent of the material combinations, 

understanding the supporting kinetics is a key requirement for controlling the deposition 

yield and the dispersion quality, which assures a uniform surface coverage of the 

nanoparticles [24]. In addition, understanding the support kinetics also enables the 

development of rules for scale-up. 

The following chapter verifies the hypothesis that the colloidal additivation technique is not 

limited to inorganic supports but can be transferred to polymer micropowders (organic 

support), which enables the development of nano-functionalized feedstock materials with 

outstanding nanoparticle dispersion that are ready for PBF-LB. A proof of concept is shown 

for the model system PA12-silver in Chapter 5.1 [268]. As silver nanoparticles show a surface 

plasmon resonance (SPR) in the visible range, which is highly dependent on their size and 

aggregation state [269], optical properties (SPR intensity and wavelength) are an ideal read-

out for particle dispersion and potential aggregation. The nanoparticle deposition process 

and the surface specific nanoparticle dose during colloidal additivation of PA12 powder with 

laser-generated nanoparticles are investigated in Chapter 5.2 , with the objective of 

achieving high quality dispersion and good yield of colloidal additivation [270]. This was 

done without the excessive use of stabilizing agents, which could possibly prevent the 

supporting process or negatively influence the PBF-LB processing behavior of the 

functionalized powder. From the state of the art, it was expected that the zeta potential 

should affect the dispersion quality and the deposition yield and time constant. Therefore, 

the importance of understanding the interaction between the nanoparticle and a polymer 

surface, as well as the possibilities to influence this interaction, are highlighted in this 
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chapter. Results on nano-analytical quantification of the particle dispersion on the polymer 

surfaces before PBF-LB are shown, with the objective of developing a basic understanding 

of determinants for colloidal additivation of polymer powders. Furthermore, this chapter 

deals with an investigation of the nanoparticle volume dispersion in the polymer matrix 

after PBF-LB and an analysis of the dispersion quality along the process chain from LAL 

to PBF-LB, analyzed using SEM and TEM imaging, as well as characterizing the optical 

properties after each process step.  

In order to generate large amounts of functionalized powder for PBF-LB experiments (>> 1 

kg per build job), an upscaling of the entire additivation process chain is required. Therefore, 

this chapter will not only introduce the colloidal additivation process (Chapter 5.1 and 5.2 

) [268,270], but will also show the potential and challenges for upscaling toward kg/h in a 

continuous process (Chapter 5.3 ) [271]. 
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5.1  Proof of concept 

 

A new approach to coat PA12 powders with laser-generated 

nanoparticles for selective laser sintering  

 

Reprinted from Procedia CIRP 74 (2018) 244–248 under CC BY-NC-ND 

 

Highlights: 

 Proof of concept for colloidal additivation of a polymer powder based on laser-

generated silver nanoparticles 

 Introduction of characterization methods for dispersion analysis demonstrated for 

the model system PA12-silver  

 An outstanding dispersion and homogeneous decoration of the polymer particle 

surface with nanoparticles can be achieved by colloidal additivation 

 First indication that the high nanoparticle dispersion is conserved during PBF-LB 
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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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1. Introduction

Polymer powders for laser additive manufacturing (LAM)

have become increasingly important even for small-scale 

industrial fabrication [1]. However, the availability of powder 

materials for selective laser sintering (SLS) is extremely 

limited [2]. Since engineering measures cannot fully

compensate the difficulties in powder quality [3, 4], there is a 

significant need for material development to create new 

powders for SLS production processes [5]. 

A common route to modify SLS-powder properties is the 

introduction of additives such as carbon black [6], titania or 

silica [7] with mass fractions of up to 5 wt%. Inorganic 

nanoparticles such as carbon nanotubes [8] and ceramics [9] 

provide distinct advantages for improved SLS processing 

through significantly affecting sintering characteristics and 

final part properties. In this way, uniformly dispersed fillers 

can influence the melting and resolidification behavior [10] 

and cause the melting enthalpy, the relative crystalline content 

and the crystallization temperature to increase. Typically, 

these improvements are caused by the heterogeneous

nucleation effect of the filler [11]. Furthermore, a distinct 

coarse spherulitic morphology with a lower degree of 

crystallization develops at low cooling rates [12]. Increased

thermal nucleation and hindered crystal growth due to a higher 

number of nuclei in combination with higher cooling rates 

result in a finer crystal structure [10, 13]. The resulting part 

properties (e.g., mechanical and tribological properties) are 

strongly related to the crystallinity and microstructure formed 

by the polymer molecules [14]. Thus, adapting crystallization 

behavior through nanoadditives directly affects the powder’s 

SLS processability and thus the properties of the final 

component.

To include nanoparticles as additives, several methods such 

as melt compounding [15], milling [16] or ex situ dispersion 

into polymer solution [17] are reported in the literature. 

Agglomeration of the filler during the additivation process is a 

typical problem occurring in most of these methods. A high 
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Abstract

The modification of selective laser sintering (SLS) powder materials by nanoadditives offers the possibility to adapt the powder properties to

the laser sintering process or the resulting part properties. To avoid agglomeration of the nanofiller, a new approach in which surfactant-free 

laser-generated colloidal nanoparticles are adsorbed onto the polymer surface directly in an aqueous solution is demonstrated. Based on this

novel approach, polyamide 12 (PA12) powders are decorated with metal and oxide nanoparticles and processed via SLS. Electron microscopy

and confocal laser scanning imaging are utilized to analyze the dispersion of the filler.
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degree of agglomeration, in turn, inevitably leads to higher

demand for filler to achieve a high surface area of the 

nanoparticles accessible by the polymer chains and to avoid 

disadvantages in the processability (by light scattering and 

inhomogeneous particle quality). 

It is evident that increasing the dispersion of the 

nanoparticles, decreasing the mass fraction of the filler and 

optimizing the interfacial bonding between polymer and filler 

[18, 20, 21] is essential. It is also important that filling factors 

<0.1 wt% are required for the SLS process parameters to 

remain unchanged [18]. Even at such low filling factors a

significant impact of the nanofiller on the mechanical 

properties of the final part can be observed [19]. Nevertheless, 

most of today’s approaches for additivation show high filling 

rates and lacking dispersion. Furthermore, the determinants of 

the degree of nanoparticle dispersion and the surface-specific

dose have only rarely been studied in SLS literature. 

An alternative way to achieve a homogeneous distribution 

of nanoparticles on microparticle surfaces is the use of ligand-

free, laser-generated nanoparticles directly in an aqueous 

solution. To generate ligand-free nanoparticles for the 

supporting on microparticles, laser synthesis and processing of 

nanoparticles in liquids (LSPC) was established in recent 

years [22, 23, 24]. LSPC is an economically feasible [25] and 

scalable method that can achieve nanoparticle productivities 

of up to several grams per hour, equivalent to 20 l of 

nanoparticle colloid per hour [26, 27]. Because of its 

applicability to a variety of materials [28, 29, 30] and fluids 

[31] laser-generated nanoparticles can easily be combined 

with different routes to fabricate nanocomposites [32, 33, 34]. 

The approach of decorating microparticles with colloidal 

nanoparticles was already established for the formation of 

heterogeneous catalysts by adsorption of the nanoparticles on 

ceramic supports such as TiO2 [23, 24] or for the production 

of LAM-processable metal powders [35, 36]. This route 

includes the pH-controlled, colloidal mixing of ligand-free 

nanoparticles with a suspension of the microparticle support. 

Note that the yield of this supporting procedure is almost 

100% and that the particle size does not change during 

deposition (no size-selectivity). After the supporting, the 

suspension is filtered and dried. By this means a homogeneous 

distribution and high dispersion of nanoparticles on the 

surface of the support is obtained [23].

The presented route for generating composite materials 

(supported particles) is not limited to inorganic supports and 

can be extended to polymer powders to homogeneously coat 

the powder surface with nanoparticles. In this study, a new 

approach to decorate PA12 microparticles with inorganic 

nanoparticles generated by LSPC, directly in an aqueous 

solution to create new nanocomposite powders with low 

filling degrees and high dispersion ready to use in SLS is 

demonstrated. 

2. Materials and Methods

Fig. 1a schematically illustrates the route for decorating 

polymer microparticles with laser-generated colloidal 

nanoparticles to obtain composite microparticle powders. 

LSPC was performed with an 8 ns Nd-YAG-laser (1064 nm) 

operating at a laser power of 110 W and a repetition rate of 

5 kHz. The beam was focused by an f-theta lens on the silver 

target, which was mounted in a flow chamber setup, resulting 

in a nanoparticle productivity of approximately 1.1 g/h. After 

laser ablation, PA12 (EOS PA2200) microparticles were 

admixed to the colloid, leading to a filling factor of 0.1 wt%. 

During stirring of the suspension at a pH of 3, adsorption

(supporting) of the nanoparticles on the polymer surface takes 

place within a few seconds, which is indicated by an 

increasing transparency of the suspension. Filtrating the 

suspension after supporting leads to a completely colorless 

filtrate which indicates that the yield of the supporting process 

is almost 100%. As a reference, PA12 was additivated with 

0.1 wt% of a silver nanopowder in a conventional ball milling 

process. Additivation with iron oxide nanoparticles was 

performed with commercially available iron oxide 

nanoparticles (Sigma Aldrich, particle size < 50 nm) and 

additivation with yttrium oxide nanoparticles was performed

with commercial available yttrium oxide (Alfa Aesar, particle 

sice 25-50 nm) which were dispersed in water by 

ultrasonication. After colloidal supporting, all nanocomposite 

powders were dried at 50° C and atmospheric pressure for two

days to ensure a complete removement of water. Before 

processing by SLS the powders were sifted with a 100 µm 

sieve. Rectangular multi-layer specimens with a size of 20 mm 

x 20 mm x 1 mm were built with an EOSint P385 SLS 

machine. The parameters used for the melting process of the 

modified powders were the same as for the conventional PA12 

material (build-temperature = 170 - 175 °C, 25 W laser power, 

200 mm/s scanning speed, Hatch distance of 0.3 mm). To 

ensure the formation of homogeneous powder layers during 

recoating, the layer thickness was set to 0.3 mm.

Fig. 1: (a) Schematic illustration of the process steps to support silver 

nanoparticles on polymer powders, from left to right: Laser synthesis of silver 

nanoparticles, mixing of polymer particles with the colloid and SLS 

machining of the composite micropowder.

After processing, cross sections of the specimens were 

prepared to analyze the dispersion quality of the admixed 

nanoparticles after the manufacturing process by transmission 

electron microscopy (TEM). Laser scanning confocal 

microscopy was used as a complementary method to TEM to 

characterize dispersion of inorganic nanoparticles in the 

polymer materials [37]. Confocal laser dark-field scattering 

can be used to create 3D images of macroscopic polymer parts 

[37] and even to extract quantitative information [38] with far 

larger imaging area and better statistics than TEM. 
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Fig. 2: (a) Size distribution and TEM image of silver nanoparticles generated 

by LSPC and (b) UV-Vis absorbance spectrum of the colloid and the PA12-

Ag-composite. 

3. Results and discussion

3.1. Nanoparticle-modified polymer micropowders

Fig. 2b shows a picture of a PA12 powder decorated with 

0.1 wt% of silver nanoparticles. The laser-synthesized silver 

nanoparticles have a monomodal size distribution with a mean 

diameter of 4.1 nm (Fig. 2a) and show the characteristic 

plasmon resonance peak (at approx. 405 nm) in the UV-Vis 

spectrum (Fig. 2b). The support on the polymer powder could 

be attributed to a pH-dependent electrostatic attraction 

between the polymer microparticles and the nanoparticles, 

similar to supporting metal nanoparticles on oxide powders 

[23] or oxide nanoparticles on metal powders [36]. After 

drying and sieving, the nanocomposite powder shows the 

characteristic yellow color of silver nanoparticles. As evident 

in the image shown in Fig. 2b the sharp surface plasmon

resonance peak is conserved indicating that no significant 

agglomeration occurred during the drying process.  

In Fig 3a,b scanning electron microscopy (SEM) images of 

polymer microparticles additivated with 0.1 wt% of silver are 

shown. While the SEM analysis of a composite powder 

obtained by ball milling shows strong agglomeration (Fig. 3a), 

colloidally deposited nanoparticles lead to homogeneous 

distribution on the polymer particle surface (Fig. 3b) with 

significantly less agglomeration compared to ball milling. This

is also confirmed by confocal laser scanning microscopy. The 

2D scans in Fig. 3c,d were captured by irradiating the samples 

at 405 nm, close to the surface plasmon resonance (SPR) peak 

of silver (see Fig. 2b). For the ball-milled composite powder

the scattering signal is much weaker compared to the powder 

obtained by colloidal deposition. This can be explained by the 

higher degree of agglomeration which leads to the absence of 

surface plasmon resonance (absence of yellow color) and 

hence to less scattering at 405 nm. 

To show the transferability of the presented approach to 

other nanoparticle materials, PA12 powder was further 

decorated with Fe2O3 nanoparticles (Fig. 4 (a)). The achieved 

mass fraction for iron oxide on PA12 ranges from 0.1 wt% to 

1.0 wt%. Although partial agglomeration is evident (Fig. 4b), 

the general transferability of the additivation method is 

confirmed, and the nanoscale aggregates seem to be well 

dispersed on the surface of the polymer microparticle. Further 

optimization could be achieved by fine-tuning of the pH, 

which has been shown to enable better control over the 

supporting process [39].

Fig. 3: SEM images (a,b) and laser confocal images (c,d) of Ag nanoparticle-

decorated polymer particles. Left column shows composite powders obtained 

by ball milling of nanoparticles with the polymer powder while right column 

shows colloidally deposited laser-generated nanoparticles

Fig. 4: (a) PA12 powders decorated with different mass fractions of iron 

oxide nanoparticles ranging from 0.1 to 1 wt% and (b) SEM images of the 

powder with 0.1 wt%. 

3.2. SLS processability

In Fig. 5a the sintered part made from PA12, additivated

with a mixture of 0.1 wt% of silver and 0.1 wt% Y2O3 is 

depicted. The plasmon resonance of the silver nanoparticles is 

conserved in the sintered part, indicating that the particles are 

mostly homogeneously dispersed in the polymer matrix of the 

macroscopic sintered part. Their dispersion into the polymer 

powder is confirmed by TEM images (Fig. 5b) which only 

show some agglomerates and clearly separated single particles 

below 50 nm. In Fig. 5c the respective 3D confocal laser 

scanning microscopy scan is shown. The nanoparticles did not 

significantly leave the polymer particle surface in the molten

state before resolidification, resulting in a web-like 

macroscopic structure, which is formed by the surfaces of the 

former polymer microparticles. This has been previously 

observed by Bai et al. for PA12 decorated with carbon 

nanotubes [8]. The nanoparticles show a homogeneous 

particle distribution and only minor agglomeration. A better 

understanding of the particle supporting procedure and its 

material dependencies will make optimization feasible. In 

following studies, a DSC analysis of the micropowder after 

colloidal deposition will be performed. Since the particles are   

very well dispersed, an impact on the resolidification behavior 

can be expected. 



 T. Hupfeld  et al. / Procedia CIRP 74 (2018) 244–248 247

Fig. 5: (a) Picture of a PA12/Ag/Y2O3-nanocomposite after SLS machining, 

(b) TEM images of the part shown in (a). (c) Confocal laser scanning 3D 

dark-field scattering image of a PA12/Ag-nanocomposite, showing the 

distribution of the nanoparticles (blue) in the final part. 

4. Conclusion

Even though nanoparticles are often used to adjust the 

properties of polymer powder materials used in SLS, a general 

understanding of nanoparticle material effects is still lacking. 

The presented route consisting of laser synthesis of metal and 

oxide nanoparticle and their colloidal deposition on polymer 

powders is a feasible way to fabricate SLS-processable 

composite powders and to understand the nanoparticle effect 

on the SLS processability. However, influences such as pH 

effects, nanoparticle material effects (different hydrophilicity 

of metals, oxides, and carbon) as well as nanoparticle dose 

considerations need more attention. For further works, it is 

necessary to analyze the influence of the size and the surface 

charge, the type and amount of nanoparticle material (metal, 

oxides, and carbon) as well as their degree of dispersion.
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A B S T R A C T

As Additive Manufacturing (AM) is fast-growing, properties adaption of feedstock materials for AM is becoming

more and more relevant due to high quality standards in industrial applications. Compared to traditional

manufacturing techniques like injection molding, laser powder bed fusion (PBF-LB) of polymers has a very

limited variety of processable materials, which is a major obstacle for future growth. Nanocomposites are an

established material class for addressing the limitations in PBF-LB but often show poor dispersion of the na-

nomaterial in/on the polymer powder. Especially in the context of plasmonic nanomaterials and composites,

where the state of aggregation considerably influences the optical properties, dispersion plays an important role.

Our study presents a deeper understanding of the colloidal surface additivation of polyamide 12 (PA12) powders

with laser-generated plasmonic silver nanoparticles, leading to high dispersion of the nanoparticles on the mi-

cropowder surface with good reproducibility. The additivation is ruled by colloidal stability and control of

electrostatic forces between particles and resulted in powders that could successfully be processed on a PBF-LB

machine to generate plasmonic-functionalized parts. Finally, we introduce the surface specific nanoparticle dose

(surf%) as scaling key parameter complementary to the commonly used mass specific dose (wt%) to appro-

priately describe nanoparticle load, proving the effect of such surface additivation on the recrystallization be-

havior of PA12. Via flash calorimetry, already at 0.01 vol% silver load, significant nanoparticle-induced het-

erogeneous nucleation effects are evident, whereas the thermal properties analyzed by conventional calorimetry

remain unaffected.

1. Introduction

Laser powder bed fusion (PBF-LB, according to ISO/ASTM DIS

52900:2018) of polymers, metals, or composites has become an im-

portant additive manufacturing technique for prototyping [1,2] and

also started to approach serial production [3,4] due to its high geo-

metrical flexibility and design freedom [5]. PBF-LB is more and more

established in industry and a wide variety of reliable machines is

available. Nowadays, the focus is shifting towards material develop-

ment, since the availability of specialized powders for PBF-LB is a

limiting factor for future growth [6–9]. One way of modifying powders

for PBF-LB and to affect their melting and resolidification character-

istics and the mechanical properties of the final part is the additivation

with inorganic micro- and nanoparticles such as carbon nanostructures

[10–13] or oxides [14,15]. Such nanoscale fillers in a low amount can

significantly influence the crystallization behavior through hetero-

geneous nucleation [16] and thus affect the mechanical properties of

processed parts [10,17–19]. At the same time, induced crystallization

through an increased number of nuclei can negatively affect the

thermal processing characteristics of the polymer composites for PBF-

LB by reducing the processing window through an increase in crystal-

lization temperatures [20–22]. Therefore, a balanced amount of
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nanoparticles for maintaining a good processability and achieving de-

sired mechanical properties has to be found. During the PBF-LB process,

heating rates up to 107 K/min by laser radiation [23–25] and cooling

rates between 0.2 and 20 K/min [26] can occur, depending on the

position of the part in the process chamber. During the cooling step,

spherulite (γ-phase) formation of PA12 typically originates by lamellar

growth from nuclei, while increasing the overall crystallinity via pri-

mary and secondary crystallization [24,27–29]. Next to existing nuclei,

the shape and quantity of the crystalline structures are also influenced

by cooling rates [27,30].

Besides manipulation of crystallization behaviors, it is also possible

to significantly adjust the absorption properties of the powder for wa-

velengths in the Vis and NIR by the addition of low amounts (0.01 wt%)

of plasmonic nanomaterials [31], thus enabling inexpensive and com-

pact diode laser PBF without the characteristic black appearance of a

carbon additivated feedstock materials. Similar approaches for devel-

opment of plasmonic-enhanced feedstock materials were demonstrated

for two-photon polymerization [32] or near-field-enhanced laser sin-

tering of semiconductors [33], both based on plasmonic gold nano-

particles. In contrast to gold nanoparticles, silver nanoparticles are

factor 40 cheaper and come with a 4-times higher molar absorbance

coefficient [34–36]. Their optical properties can further be tuned by

alloying [35] and change of particle morphology [37]. In addition,

composites based on silver nanostructures are known for a wide range

of application [38], e.g. in biomedicine [39], electronics [40] and

catalysis [41]. Therefore, the development of silver additivated feed-

stock materials could lead to novel properties through direct functio-

nalization of final parts.

In this context, however, the dispersion (distribution) of the nano-

particles in the polymer matrix plays a decisive role. The poorer the

dispersion and the larger and more aggregated the nanoparticles, the

less nanoparticle surface is available at a given mass loading. Therefore,

not only the value of the mass loading but also the degree of dispersion

plays a crucial role in the nucleation properties [13,42]. The degree of

nanoparticle dispersion and the surface coverage have only rarely been

studied in the literature. Furthermore, the dispersion quality is deeply

related to the additivation method [13,43]. Common additivation

methods like dry-coating or melt compounding result in substantial

aggregation of the filler after additivation [43–45]. They typically use

aggregated nanoparticle, usually fabricated by gas phase synthesis (e.g.,

SiO2 flow aid additive), which cannot be fully dispersed during the

additivation process.

A promising method to increase the nanoparticle dispersion on

microparticle surfaces is the colloidal additivation with surfactant-free

laser-generated nanoparticles, which was recently demonstrated for

nanoparticles on PA12 [46,68] and steel powders [15,47]. Laser

synthesis and processing of colloids (LSPC) [48] can be used to syn-

thesize a variety of nanoparticle materials in liquids. It is an easily

scalable [49] and economically feasible [50] method to produces stable

colloids for different applications such as composites [51], optics [33],

biomedicine [52] or catalysis [53]. Additivation of polymer powders

for PBF-LB is performed directly in an aqueous solution, were a laser-

generated colloid and the polymer microparticles are simply mixed,

followed by filtration and drying. This colloidal additivation route was

initially established for the production of heterogeneous catalysts,

where typically metal nanoparticles are adsorbed on support particles

[54–58]. By controlling the pH during the adsorption an almost 100 %

yield of this supporting procedure can be achieved and aggregation of

the nanoparticles on the support can be avoided [59]. For the adsorp-

tion of nanoparticles on polymer powders, however, the mechanism for

supporting in not fully understood. Therefore, influencing factors such

as zeta potential, pH dependency and surface specific nanoparticle

dosage need more attention.

In the present study we focus on these aspects, analyse the influence

of process variables and aim for a better understanding of the particle

supporting procedure. In this context, silver nanoparticles will act as a

model material, because the generation of electrostatic stabilized silver

colloids by means of laser ablation is well established and the adsorp-

tion of plasmonic silver nanoparticles on polymer surfaces allows in-

vestigation of dispersion quality and quantity by optical means (char-

acteristic surface plasmon resonance peak) and electron microscopy

(good contrast of silver nanoparticles on/in polymer matrix). Since

these particles might act as a nucleating agent, an impact on the ca-

lorimetric properties is expected. According to this, analysis of the

surface-functionalized feedstock material is performed by differential

scanning calorimetry (DSC) and fast scanning calorimetry (FSC) in

order to investigate the influence of small doses of highly dispersed

silver nanoparticles. To highlight the relevance of this surface-functio-

nalized feedstock material for PBF-LB, an exemplary build job will be

conducted.

2. Material and methods

2.1. Nanoparticle synthesis and colloidal additivation

Laser ablation in aqueous sodium citrate solution (100 μmol/l) was

performed with a pulsed Nd:YAG-laser (Edgewave InnoSlab Laser

IS400) centered at 1064 nm (8 ns, 110 W, 5 kHz), which was focused

with an f-theta lens on a silver target mounted in a flow chamber setup.

Small amounts of additives such as sodium citrate are known to in-

crease colloidal stability and the reproducibility of laser-synthesis [60].

With our setup, nanoparticle synthesis by laser ablation resulted in a

productivity of 1.1 g nanoparticles per hour, equivalent to more than 20

L of colloid. pH dependent zeta potential of laser-generated silver col-

loids was measured with PSS-Nicomb 380 ZLS after adjusting the pH

with hydrochloric acid or sodium hydroxide solution. For colloidal

additivation of PA12 with silver nanoparticles, PA12 (Evonik VESTO-

SINT 3D Z2773, d50,3 = 57.8 μm, see supporting information Fig. S3 for

more details) was dispersed in the colloid by mixing for 10 s, followed

by stirring for 3 min (if not stated differently). Thereafter, the mixture

was filtered with a Büchner funnel and a common blue-ribbon filter.

Permeates were analyzed by UV–vis absorbance spectroscopy (Thermo

Scientific Evolution 201) in the range of 300–900 nm (1 nm step size).

As the most important parameter, the characteristic SPR peak intensity

of silver at around 400 nm is analyzed. The efficiency of the supporting

process is calculated by comparing the SPR intensity of the educt col-

loid and the permeate after additivation and filtration. It is defined as:

=
−

Supporting efficiency

SPR peak height Educt SPR peak height Permeate

SPR peak height Educt

( ) ( )

( )
100%

(1)

The filter cake was dried at 50 °C for one day before size fractio-

nation with a 125 μm sieve. Surface functionalized powders were

characterized by diffuse reflection measurements (Agilent Cary 100 Bi

Cricket). Distribution (Dispersion) and size of the nanoparticles on the

polymer particle surface were analyzed by scanning electron micro-

scopy (SEM, ESEM Quanta 400 FEG). In addition, transmission electron

microscopy (TEM, JEOL 1400 Plus TEM) was used for high-resolution

imaging of sliced polymer particles at IMCES, where samples were

sliced with an ultramicrotome after being embedded in epoxy resin

(EPON). Based on these images, interparticle distance histograms were

extracted with the ImageJ open-source software package, counting

about 400 particles, to quantify the nanoparticle dispersion [64].

Flowability was tested with a Mercury Scientific REVOLUTION

Powder Analyzer and Hausner ratio were determined according to VDI

3405 Part 1.1 with a 100 mL plastic measuring cylinder by repeating

the procedure four times, whereas the size of polymer particles was

determined by the Camsizer X2 (ISO 13322-2) with compressed air of

50 kPa through the X-Jet extension.
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2.2. Differential scanning calorimetry (DSC)

Surface functionalized powders were analyzed non-isothermally

with a Mettler Toledo DSC 822e under nitrogen purge of 40 mL/min.

Powder samples of approx. 12 mg were placed in 40 μL aluminum pans

with covers. The measurement went from 25 °C to 250 °C in a nitrogen

atmosphere (nitrogen purge of 40 mL/min) with a heating rate of 10 K/

min. At this temperature the samples were held for 3 min to fully melt

all remaining crystals, leading to a thermal equilibrium. Afterwards, the

samples were cooled down to 80 °C with a cooling rate of 10 K/min,

held again for 3 min and heated up to 250 °C with 10 K/min. This way,

the melting behavior of previously grown crystals as well as the sam-

ple’s crystallinity can be measured. For statistical evaluation, each

powder was measured three times. The evaluation of the results was

performed with the Mettler Toledo STARe Evaluation Software 16.10.

For the calculation of the relevant enthalpies, an integral tangential

baseline was used.

2.3. Fast scanning calorimetry (FSC)

Fast scanning calorimetry was performed at the University of

Rostock FSC. To cover a larger range of scanning rates which are re-

levant for PBF-LB and beyond, two different sensor and sample sizes

were used. The calorimetric sensor XI395 with a heated area of 60 × 80

μm2 with sample of approx. 4 ng was used to cover heating and cooling

rates from 20,000–100 K/s. Heating and cooling rates from 0.1–100 K/s

were analyzed using a slower Mettler Toledo UFS 1 sensor with a he-

ated area of 500 μm in diameter and sample masses of approx. 40 ng

were used. All measurements were performed in dry nitrogen atmo-

sphere (−190 °C).

First, samples were molten at 250 °C for 0.1 s and cooled to−190 °C

at 1000 K/s to have a defined thermal history. After that, samples were

heated and cooled to 250 °C applying different heating and cooling

rates between 0.1 and 20,000 K/s. Vitrification of pure PA12 sample

occurs at cooling rates above ca. 5000 K/s – no crystallization peak and

only glass transition is observed. For additivated material the critical

cooling rate (cooling rate at which material becomes amorphous) was

1000 K/s. This observation is in line with larger undercooling of the

additivated materials with increasing cooling rate, compared to pure

PA12. As all samples showed crystallization on cooling at 1,000 K/s, the

melting peak can be observed at all available heating rates up to 20,000

K/s.

After cooling at each different cooling rate, samples were reheated

at 20,000 K/s to observe melting of previously formed crystals. Peak

shape, temperatures, as well as enthalpy of crystallization and melting

were analyzed. The absence of confinement and surface influences was

confirmed by comparison of melting peaks at different heating rates

(100 to 20,000 K/s) of samples with different masses.

Isothermal studies were performed using the reheating method,

described in e.g. Wurm et al. [61]. Sensors XI395 with approx. 4 ng was

used and samples were first molten for 0.1 s at 250 °C and then quen-

ched to crystallization temperature at 20,000 K/s. After crystallization

Fig. 1. Preservation of plasmonic properties

along the process chain: (a) Laser-generated

silver colloid with its characteristic yellow color

caused by surface plasmon resonance (SPR) of

silver nanoparticles and representative TEM

image, and (b) corresponding UV–vis absorbance

spectrum of the silver colloid showing the char-

acteristic surface plasmon resonance peak of

silver. (c) Surface-functionalized PA12 powder

after filtration and drying and (d) its corre-

sponding UV–vis absorption spectrum. (e) Test

specimen after processing the powder with a

Sharebot Snowwhite PBF-LB machine and cor-

responding UV–vis absorption spectrum. The

black bar measures 1 cm.
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for desired time it was quenched to −190 °C at maximum possible

uncontrolled cooling rate (ca. 70,000 K/s at glass transition tempera-

ture) to freeze in the results of crystallization. Time of crystallization

was increased logarithmically from 0.001 to 100 s. After that, reheating

at 20,000 K/s was performed for melting of crystallized material.

Giving the fast heating rate, reorganization of crystals was suppressed,

and the overall enthalpy change during heating is equal to the previous

crystallization enthalpy change. Crystallization enthalpy was compared

for different temperature and time of crystallization for pure and sur-

face-functionalized material.

3. Results and discussion

3.1. Process determinants for colloidal additivation

The colloidal additivation process starts with a laser-generated

silver colloid, characterized by its yellow color, caused by the surface

plasmon resonance (SPR) peak at a wavelength of 398 nm (Fig. 1a,b).

The peak maximum of the number weighted particle size distribution is

4.1 nm, based on TEM particle size analysis. A representative TEM

image is shown in the inset of Fig. 1a. After mixing the silver colloid

with PA12 microparticles and after filtration of the mixed suspension,

the permeate does not show any SPR peak (Fig. 1b) and a yellow

powder remains in the filter. UV–vis absorption measurement of the

dried functionalized powder (Fig. 1c) shows the characteristic SPR peak

(Fig. 1d), proving the presence of nanosilver. The SPR peak wavelength

of the powder is similar to the colloid and no shoulder is visible at high

wavelength, indicating a successful prevention of aggregation of the

silver, which would cause red-shift of SPR peak. The absence of the

surface plasmon resonance peak in the permeate indicates a quantita-

tive/high yield adsorption (supporting) of the silver nanoparticles on

the surface of the polymer microparticles. Even after processing on a

PBF-machine (Sharebot Snowwhite), the characteristic yellow color and

the SPR peak are preserved (Fig. 1e,f). Thus, we show that the final

parts were successfully functionalized with a high dispersion of plas-

monic silver nanoparticles.

A deeper understanding about the kinetics of the colloidal ad-

ditivation process could lead to better process control, especially in the

context of upscaling towards kg-scale of functionalized powder. Since

laser-generated metal colloids usually bear a high electrostatic charge

with strong, pH-dependent zeta potentials [60], the pH during mixing

with the polymer particles and the mixing time are suspected to be

important factors for the additivation process. In a first experiment,

time-dependent pH measurements were performed after mixing PA12

powder with 25 mL ultrapure water under vigorous stirring. Interest-

ingly, the pH of the suspension changes significantly over time (Fig. 2a).

Within 30 s after immersing the PA12 in water, the pH drops from pH

= 6.1 to pH = 5.4, which causes the absolute zeta potential value of

the silver colloid to drop from −40 mV to less than −20 mV for the

silver colloid (Inset of Fig. 2a). Since the zeta potential is below an

absolute value of± 30 mV, the stability of the colloid is significantly

reduced, resulting in slow precipitation of the silver on the surface of

the polymer microparticles. However, the pH value of the suspension is

still high enough to avoid instant aggregation and a complete vanishing

of the SPR peak, which is confirmed by the yellow color of the surface-

functionalized. Nonetheless, the origin of the pH-shift resulting after

immersing the PA12 in water remains unclear. Dissolved additives [62]

like carbon acids added to the polymer powder during its processing are

likely to have influence on the pH. Further results of pH measurements

are provided in supporting information S1.

From Fig. 2a,b it is evident that the supporting is very fast and a

supporting efficiency of> 90 % is reached after less than 60 s. This was

also confirmed by ICP-MS of a permeate after filtration, where approx.

10 % of the initial silver content of the educt colloid was found after

supporting. Note that silver nanoparticles release ions over time which

will not contribute to the SPR peak of the surface-functionalized

powders or permeates and can just be found by ICP-MS of the permeate.

Further XRF analysis confirmed a silver content of 0.086±0.0015 wt%

in the surface-functionalized powder. A slightly smaller supporting ef-

ficiency is measured for mixing times< 30 s compared to the maximum

at 60 s (Fig. 2b). It is evident for our stirring conditions that supporting

is faster than the change of pH, so that a critical pH range where the

nanoparticles´ electrostatic repulsion is almost zero is avoided. How-

ever, the necessary mixing time for> 90 % supporting efficiency is

likely to be affected by the batch size and stirring conditions, which is

important for scale-up in order to meet the needs for PBF-LB parameter

studies and build jobs. If longer mixing times were necessary, the pH

value would drop further and increase the probability for aggregation.

The supporting process is also influenced by nanoparticle con-

centration as it is shown in Fig. 2c for the supporting efficiency and the

corresponding absorption of the surface-functionalized powder (in-

tensity of the SPR peak) at constant nanoparticle loading of 0.1 wt%.

Supporting efficiency is above 95 % for all tested nanoparticle con-

centrations except for 10 mg/l, where the efficiency drops below 80 %

and shows poor reproducibility. This could be explained by a higher

stability of the colloid, since the rate of aggregation is proportional to

the square of nanoparticle concentration [63]. Furthermore, smaller

nanoparticle concentrations mean smaller polymer concentration in

order to achieve the same polymer to nanoparticle mass ratio. As a

result, the pH is higher, and the colloid is more stable, which leads to

smaller supporting efficiency (see supporting information Fig. S1 in-

formation for the influence of polymer concentration on pH value).

When increasing the nanoparticle concentration above 50 mg/l, sup-

porting efficiency and powder absorption remain stable, but the prob-

ability increases to observe a complete failure of the supporting process

and complete aggregation of the silver colloid. In this case the SPR peak

vanishes and a greyish, almost white powder is produced, which is

shown in the inset of Fig. 2c. This reproducibility issue could be ex-

plained by higher nanoparticle concentration resulting in smaller in-

terparticle distances and weaker colloidal stability at low pH value,

where repulsive forces are weaker. Two exemplary powders are de-

picted in the inset of Fig. 2c to illustrate the weak reproducibility. For

the additivation process, especially on a larger scale, the processed

volume should be as small as possible to allow smaller setups, faster

filtration, and saving water. The nanoparticle concentration should,

therefore, be as large as possible. As a compromise to ensure good re-

producibility, a nanoparticle concentration of 50 mg/l and 60 s mixing

time was used for the following experiments, which gives a polymer

microparticle concentration of 50 g/l and a nanoparticle loading of 0.1

wt% (0.01 vol%) at> 95 % yield.

3.2. Nanoparticle surface dose and dispersion

An essential parameter for the applications and mechanical prop-

erties of surface-functionalized powders in PBF-LB is the nanoparticle

load, typically given in terms of wt%. But this value might be mis-

leading, since the effect of nanoparticles can also be driven by their

volume fraction (vol%), degree of dispersion, and surface coverage (surf

%) on the polymer microparticle surface. The connection between wt%,

vol%, surf% and nanoparticle size is illustrated in Fig. 3 for silver na-

noparticles adsorbed on PA12 microparticles. Based on the wt%, the vol

% can be calculated under consideration of the polymer and nano-

particle densities. From the wt% the theoretical surf% can be calculated

as follows.

=

=
−

theo surf
total nanoparticle footprint

total polymer particle surface

wt

A wt δ d

. %

3 * %

2 * (100 %)* *
* 100%

PP NP NP

App stands for the specific surface of the polymer powder, which was

calculated from the particle size distribution measured by laser
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diffraction (see supporting information Fig. S2) and was equal to 0.114

m2/g. δNP is the density of the nanomaterial and dNP is the nanoparticle

diameter. The scaling graph in Fig. 3 illustrates that far less than 1 wt%

(or 0.1 vol %) of silver nanoparticles in the size of 5 nm are necessary to

reach 100 % of theoretical surface coverage. If larger nanoparticles are

used or if the nanomaterial aggregates on the polymer microparticle

surface, the surface coverage decreases by magnitudes. This makes the

surface coverage highly dependent on the dispersion and thus on the

nanoadditivation process itself.

The effect of high surface coverage can be observed if the wt% of

nanoparticles is altered. Fig. 4a,b shows the connection between ex-

perimental supporting efficiency and theoretical surf% for a variation of

nanoparticle loading between 0.01 and 1 wt%. The nanoparticle

loading represents the ratio of silver nanoparticles and polymer mi-

croparticle during additivation. If the supporting efficiency is above 80

%, which is the case until 0.1 wt%, the nanoparticle loading is ap-

proximately equal to the effective nanoparticle loading, since almost all

nanoparticles are deposited on the polymer surface. This is also re-

flected in a linear correlation between SPR peak intensity of the powder

Fig. 2. Colloidal additivation process char-

acteristics: (a) pH value as a function of stirring

time for PA12 dispersed in water. The inset

shows the pH-dependent zeta potential of silver

nanoparticles. (b) Supporting efficiency as a

function of mixing time. (c) Supporting effi-

ciency and absorption at the SPR peak of the

surface-functionalized powder after drying as a

function of nanoparticle concentration at a

constant nanoparticle loading of 0.1 wt% (0.01

vol%). The green marked area corresponds to

efficient supporting and high reproducibility,

whereas the yellow area shows weaker re-

producibility.

Fig. 3. Scaling graph illustrating the connection between wt%, vol%, surface

coverage (surf%) and nanoparticle size for PA12 powder with a specific surface

of 0.114 m2/g which was determined based on the polymer microparticle size

distribution (Size distribution and different scale graphs are available in the

supporting information S2). The dotted vertical line and marked range indicate

a theoretical surface coverage between 10 and 20 surf% for 0.01 vol% (0.1 wt

%) and nanoparticles in the range of 5 to 10 nm.
Fig. 4. (a) Theoretical surf%, (b) Supporting efficiency and SPR peak intensity

(F(R) absorption) of the surface-functionalized powder as a function nano-

particle loading during colloidal additivation. The dotted vertical line at 0.01

vol% mark the loading until which a linear correlation between supporting

efficiency, powder absorption and nanoparticle load is observed and where a

change in absorption kinetics happens.
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(F(R) absorption) and mass loading until 0.1 wt% (indicated by a dotted

line in Fig. 4a–c). Interestingly, at higher mass loadings of 0.5 wt% and

1 wt%, the supporting efficiency decreases to 20–40 % and therefore

the effective nanoparticle loading is much smaller than the theoretical

value, which also results in a saturation of SPR peak intensity. For 1.0

wt% the SPR peak intensity is approximately reduced by 80 % com-

pared to the expected value from a linear extrapolation. As expected,

the decrease in supporting efficiency correlates with the threshold of

maximal theoretical surface coverage which reaches 100 surf% at 0.5

wt%. This correlation can be attributed to less space on the polymer

microparticle surface and hence indicates a change in absorption ki-

netics which results in a hindered deposition of the nanoparticles.

Therefore, an increase in nanoparticle loading to more than 0.1 wt%

(0.01 vol%) is not useful for the given material combination since more

and more of the silver colloid would be wasted without being sup-

ported. At loadings of up to 0.1 wt% (20–40 theoretical surf%) high

supporting efficiency and SPR absorption of the powder is reached.

For the additivation with 0.1 wt% nanoparticles, Fig. 5a–c shows

SEM images of polymer microparticles after colloidal additivation, in-

dicating a homogeneous distribution of nanoparticles. Silver nano-

particles exhibit only minor aggregation on the polymer microparticle

surface. We also observe a high surface porosity of the PA12 micro-

particles which most likely results in an underestimation of the polymer

particle surface assumed for the calculation of surf%. Furthermore,

under consideration of the limited resolution of the SEM of approx. 10

nm, it could be possible that a significant number of nanoparticles on

the polymer surface is too small to be detected by SEM. To check this

hypothesis, the polymer particles were sliced and imaged via TEM. The

results in Fig. 5d,e confirm the presence of small particles below 10 nm,

which contribute 30 % to the total particle number (Fig. 5f, xc=12.5

nm). Thus, the primary particle diameter has not changed during ad-

ditivation, which is in accordance with the conservation of the surface

plasmon resonance peak. Furthermore, the polymer particle size dis-

tribution, as well as the Hausner ratio and the avalanche angle of the

powder, are also not significantly influenced by additivation (Table 1),

pointing at the applicability of the nano-additivated powder for PBF-LB.

3.3. Calorimetric properties

As it was shown in Fig. 3, the nanoparticle size has a significant

impact on the surface coverage. Moreover, the number of small parti-

cles is of particular interest for possible effects on heterogeneous nu-

cleation, which should depend on the particle size, especially on the

presence of small non-aggregated particles with a high total surface

area. Dynamic DSC analysis allows the examination and a first eva-

luation of the effect of nanoparticles on the thermal behavior of poly-

mers and their influence on the relevant process window for PBF-LB.

During the first heating cycle, the position of the peak, the onset and the

endset, as well as its sharpness and the overall form of the melting curve

show no significant difference (n.s.) between PA12 with and without

silver nanoparticles (Fig. 6). Respectively, the melting peak tempera-

ture of PA12 at 185.7±0.2 °C remains at 185.6±0.2 °C with the

addition of the silver nanoparticles. This unchanged melting behavior

shows that the initial melting properties of the base polymer have not

been altered through the adhesion of silver nanoparticles onto the

polymer particle surface. For PBF-LB the crystallization after melting is

of high interest as a read-out of the final part properties [10,64].

Nanoscale impurities inside a polymer melt are initiating a hetero-

geneous nucleation of spherulites during cooling [16]. Therefore, na-

noparticles in the size of a crystal nuclei within a polymer melt should

be able to induce a premature crystallization due to the availability of

several new nucleation sites. Thermoplastic PA12 shows its typical

crystallization behavior with a crystallization onset at 150.3±0.3 °C

(Fig. 6b). In the case of a potential nucleation effect of silver nano-

particles an earlier crystallization can be expected, and the exothermic

peak should shift towards higher temperatures. Interestingly, this does

not occur in our experiments (Fig. 6a). The crystallization onset of the

surface-functionalized powder with 0.1 wt% silver nanoparticles lies at

150.6±0.2 °C, which is not significantly different (n.s.) to the PA12

without silver nanoparticles (Fig. 6b). Respectively, the peak and the

endset temperature do not significantly change with the addition of

silver nanoparticles either. As a result, the addition of silver nano-

particles to PA12 retains a processing window for PBF-LB of 30 K,

which is defined by the difference of the onset of the first melting and

the onset of the first crystallization. Therefore, changes in crystalline

Fig. 5. (a, b, c) SEM images of PA12 microparticles decorated with 0.1 wt% silver nanoparticles. (d,e) TEM images of sliced PA12 microparticle and (f) corresponding

particle size distribution (n = 400).

T. Hupfeld, et al. Additive Manufacturing 36 (2020) 101419

6



phases or nucleation effects would be detectable with a change of the

overall crystallinity Xc of the samples, which can be calculated ac-

cording to Eq. (2).

=X
H

H

∆

∆
c

m

100 (2)

The enthalpy of fusion of the sample H∆ m can be extracted by the

data of the melting curves, while the enthalpy of fusion of a perfect

PA12 crystal H∆ 100 is given by theoretical extrapolation

( =H∆ 209,3
J

g100 ) [65].

When heating the sample a second time, the melting peak is shifted

to lower temperatures in comparison to the first melting peak due to

different crystalline phases, which develop during the fabrication pro-

cess of the polymer powder [27]. As a result of an isotropic crystal-

lization during the previous cooling cycle, the enthalpy decreases from

99.5±0.5 J/g to 35.25±0.1 J/g and consequently, the crystallinity

decreases from 47.5± 0.2 % to 16.8±0.1 % (Fig. 6a). By adhesion of

silver nanoparticles onto the PA12 powder surface, the enthalpy of

fusion remains almost constant at 35.3± 0.2 J/g with a sample crys-

tallinity of 16.9±0.1 % and thus exhibiting no visible change in

crystallization behavior from the nanoparticles at 10 K/min. In order to

further investigate possible nucleation effects of silver nanoparticles

within the PA12 matrix, calorimetric analysis with higher heating and

cooling rates (FSC) outside of PBF conditions was conducted.

Crystallization at 150 °C occurs in the region of heterogeneous nu-

cleation [66]. When increasing the cooling rate beyond 100 K/s, the PA

12 is crystallizing homogeneously below 100 °C. It is known, that cer-

tain nucleating agents disturbs homogeneous nucleation, slowing down

crystallization. To investigate the influence of additives on PA12 at

faster cooling, FSC was applied. In order to extend scanning rate range,

two sample sizes were used in FSC: ca. 40 ng samples cover the range

0.1–100 K/s and ca. 4 ng samples cover the range from 100 to 20,000

K/s. Fig. 7a summarizes conventional and fast scanning DSC results.

Fig. 7a shows the peak temperature for melting (dashed lines) and

crystallization (solid lines) at different heating and cooling rates.

Melting was performed after cooling at cooling rate 1000 K/s. Melting

peaks after 1000 K/s are almost coinciding for all samples, indicating

that the thermal lag is comparable and not causing the difference for

melting below 10,000 K/s. This confirms the validity of temperature

measurements through all different samples in the range of scanning

rates. Solid lines on Fig. 7a indicate that nanoparticle-nucleated sam-

ples crystallize at approx. 20 °C lower temperature on fast cooling

compared to neat PA12. This significantly lower temperature crystal-

lization is almost independent of the amount of nucleation agent.

PA12 shows bimodal solidification with at least two peaks (Fig. 7b).

Due to DSC principles, comparison of the subtle peak development is

difficult during cooling at different rates. Therefore, the reheating at

20,000 K/s was done after each cooling. The resulting heating scans for

pure and 1 wt% surface-functionalized PA12 is shown in Fig. 7b. Curves

shows glass transition around 52 °C, followed by cold crystallization

peaks at around 120 °C and melting at ca. 150 °C. The melting peaks

enthalpies correspond to the peak area and are comparable for the pure

sample and the surface-functionalized sample, e.g. for 200 K/s cooling.

But the low temperature shoulder at around 120 °C appears to be wider

for the surface-functionalized PA 12. This can be interpreted as a si-

milar crystallinity, but wider size distribution of the crystals for func-

tionalized material.

Eventually an isothermal crystallization was performed by FSC on

small samples (4 ng). Three characteristic temperatures are shown in

Fig. 7c: 150 °C – temperature in the region of heterogeneous nucleation,

40 °C – temperature in the region of homogeneous nucleation and 100

°C - interplay between homogeneous and heterogeneous nucleation.

Only the pure PA12 and highest nanoparticle loaded PA12 are shown

here. Curves show typical sigmoidal shape with exponentially devel-

oping primary crystallization and secondary crystallization after that

(for interpretation see e.g. [61]). When possible, data were fitted using

Kolmogorov-Johnson-Mehl-Avrami (KJMA) kinetics [67], super-

imposed with linear secondary crystallization kinetics [61].

Table 1

Polymer powder particle sizes for neat PA12 and PA12 after colloidal additivation with 0.1 wt% of silver nanoparticles. dx values are given for Q0 and Q3. Powders

were sieved with a 125 μm sieve before measurements. Flowability is characterized by the avalanche angle and Hausner ratio.

Samples Particle size distribution (xarea; area of particle projection) Avalanche angle Hausner ratio

x10,3 x50,3 x90,3 x10,0 x50,0 x90,0

PA12 (washed) 42.4 57.8 72.5 0.9 4.0 8.2 48.7± 0.30 1.15± 0.02

PA12 + 0.1 wt% Ag 41.6 56.6 72.1 0.9 3.8 8.0 49.0± 0.15 1.13± 0.01

Fig. 6. Melting and crystallization curves of PA12 with and without 0.1 wt% silver nanoparticles, averaged over three runs by conventional DSC at 10 K/min. (b)

Corresponding thermal values obtained from DSC of PA12 and its additivated counterpart with 0.1 wt% silver nanoparticles, based on three runs with its standard

deviations and results of a significance analysis (n.s. stands for values which show no significant difference to PA12 without silver).
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Crystallization below glass transition temperature expectedly not fol-

lows Avrami kinetics and therefore were not fitted. As already observed

during non-isothermal crystallization, the high temperature crystal-

lization (150 °C in Fig. 8) shows no obvious influence of nucleation

agent on crystallization half-time. In the region of homogeneous nu-

cleation below glass transition temperature (40 °C in Fig. 8) crystal-

lization occurs even more identically. In between (100 °C) the func-

tionalized material is more than 2 times slower than pure PA 12. This

supports the idea that as soon as the heterogeneous nucleation start to

compete with homogeneous nucleation, the overall crystallization

slows down.

A possible difference in the polymer-microparticle interaction could

be expected for other nanoparticle material like oxides, e.g. it is known

that the Hamaker constant is far lower for oxides compared to metals.

4. Conclusion

For the development of new polymer nanoparticle-composite

powder materials for additive manufacturing, homogenous and fine

dispersion of the nanoparticles is a key factor, which can be addressed

by colloidal surface additivation. During this process, adsorption

(Supporting) of silver nanoparticles on semi-crystalline PA12 powder

(Evonik VESTOSINT 3D Z2773) is a very fast process, driven by elec-

trostatic destabilization of the colloid. Immersing the polymer powder

in a laser-generated silver colloid results in a pH decrease and a sup-

porting efficiency of more than 90 % in less than 60 s. Within this time

frame, colloidal stability is still high enough to avoid aggregation ef-

fects. This is confirmed by preservation of the plasmonic properties

along the process chain from the laser-generated colloid to the surface-

functionalized powder and the generated test specimen after successful

PBF-LB. Ideal nanoparticle and polymer concentrations were found for

this process leading to high dispersion and good reproducibility.

Surface coverage (surf%) of nanoparticles on the polymer surface is

highly dependent on the dispersion and thus on the nano-additivation

process. Saturation of plasmon resonance intensity above 0.1 wt%, can

be explained with high surface coverage, more aggregation and a de-

crease in supporting efficiency at high mass loadings. Based on the

results of the thermal analysis, silver nanoparticles clearly influence

crystallization of PA12 already at 0.01 vol% (100 ppm by volume) due

to the excellent dispersion of the nanoparticles, resulting in 20-40 surf

%. At high temperatures and fast cooling, small amounts of silver na-

noparticles preserve crystallization. However, at temperatures and

cooling rates within the range of PBF-LB of polymers, silver nano-

particles show no significant effects on the crystallization behavior and

thus maintain the optimal thermal properties of pure PA12 for PBF-LB.

All in all, our study points a way towards a better understanding of the

influence of nanoparticle surface additivation and outstanding disper-

sion on the functionalization of polymer powders for PBF-LB.
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Introduction 

Laser powder bed fusion (PBF-LB/P, according to 

ISO/ASTM DIS 52900:2018) has become an important 

prototyping and manufacturing technique over the last years  

[1]. Extending the variety of polymer powder feedstock 

materials is an important step to unlock PBF-LB/P`s potentials 

for industrial applications [2], e.g. in fields of aerospace and 

automotive. Developing new materials, however, is 

challenging, due to the complex processing conditions during 

PBF-LB/P [3]. Additivation of polymer powders with 

nanomaterials for PBF-LB/P has proven to be a versatile 

approach for enhancing the powder processability and to 

introduce new part properties and functionalization [4–7]. A 

high dispersion and homogeneous distribution of nanoparticles 

in/on the polymer matrix poses a key feature for the fabrication 

of nanoparticle-composites, but cannot be reached easily by 

conventional additivation methods like dry coating [8–10]. 

Colloidal additivation can overcome this challenge and can 

lead to extraordinary dispersion of nanoparticles on the 

polymer surface [11–13]. Nanoparticles are generated by 

flexible and scalable laser synthesis and processing of colloids 

(LSPC) [14] in aqueous solution and adsorbed onto the 

polymer surface by pH-controlled mixing with the polymer 

powder, followed by filtration and drying. This process is also 

well known for fabrication of heterogeneous catalysts [15–17] 

http://www.sciencedirect.com/science/journal/22128271
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
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and additivation of steel powders for additive manufacturing 

[18,19].  

In order to generate sufficient amounts of nanoparticle-

polymer composite powders for statistically validated PBF-

LB/P experiments and process developments (> 3 kg), 

upscaling of the colloidal additivation process is of central 

importance. Hence, laser-generated nanoparticles in the gram-

scale will be needed for each experiment, e.g. 3 g of colloidal 

nanoparticles are necessary to fabricate 3 kg of polymer 

composite powder with 0.1 wt% loading. The scalability of 

laser synthesis, namely the employed technique laser ablation 

in liquids (LAL), can be achieved by using a flow chamber 

setup in combination with high power, high repetition rate 

lasers and advanced scanning strategies [20] to result in a 

productivity of more than 1 g/h. Since the colloidal additivation 

of polymer powders is governed by colloidal stability and is 

therefore dependent on the interplay of particle concentration, 

electrostatic forces and mixing conditions [11,13], upscaling 

requires precise control of these parameters.  

Our study focuses on upscaling of colloidal additivation 

towards kg-scale for fundamental PBF-LB/P studies and the 

influence of different upscaling strategies on the overall 

process duration as well as on the reproducibility and quality 

of the composite powders. Examples will be given for the PA12 

(Evonik Vestosint 1115) and TPU (AM POLYMERS Rolaserit 

PB01) polymer powders decorated with silver nanoparticles as 

model systems, since optical powder analysis can be used on 

the surface plasmon resonance (SPR) peak to investigate the 

dispersion quantity and quality of nanoparticles on the polymer 

surface [13].  

Strategies for upscaling 

The process of colloidal additivation can be divided into five 

steps. LSPC, mixing, and filtration represent the “liquid part” 
in which the nanoparticle adsorption onto the powder takes 

place, whereas drying and sifting represent the “dry part”. A 
long duration for a specific process step, however, does not 

automatically mean that it is labor intensive, e.g. compared to 

the liquid part, the dry part requires a relatively small number 

of man-hours, although it makes up most of the overall process 

duration (Figure 1). Moreover, process duration and man-hours 

required for drying and sifting of a specific amount of polymer 

powder are independent of the individual batch size. However, 

several parameters with high influence on the liquid part and 

the overall process duration can be identified. For a certain 

mass of composite powder, the nanoparticle load governs the 

LSPC process duration. The higher the targeted nanoparticle 

load (wt%), the more nanoparticles are needed and the longer 

lasts the LSPC process. With increasing batch size, process 

duration of colloidal additivation decreases, because fewer 

batches are necessary for the same powder mass, resulting in 

fewer cleaning and preparation cycles (Figure 1a). For 

example, batches with 50 g each result in a total process 

duration of 11 hours for the liquid part, corresponding to 12 

man-hours for preparation and operating the setup, whereas 

mixing in a 1 kg batch reduces the process duration and the 

required man-hours in the liquid part to 3 h and 4 h, 

respectively.  

 

 

 

Figure 1: Processing steps (liquid part and dry part) for colloidal additivation. 

Share of each process step on (a) the overall process duration and on (b) the 

required man-hours. The example is given for processing of 1 kg of polymer 

powder with 0.1 wt% of nanoparticles for different powder batch sizes 

compared to continuous processing. Fluid volumes scale linearly with the 

polymer amount and range from 1 l to 20 l for batch sizes of 50 g to 1 kg. 

Either the colloid can be collected during LSPC and mixed 

with the polymer afterwards (Figure 2a), or a semi-continuous 

process can be established to support the nanoparticles on the 

polymer in parallel to LSPC (Figure 2b). In both cases stirring 

of the suspension is required for 60 minutes after adding the 

last portion of colloid to ensure complete mixing and high 

supporting efficiency (depending on the stirring conditions and 

material system).  

 

 

Figure 2: Different procedures for upscaling towards 1 kg of polymer powder 

at 0.1 wt% of silver. (a) Batch wise and (b) Semi-continuous colloidal 

additivation in a stirred-tank reactor (1 kg batch) and (c) continuous 

processing with a static mixer. 
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Up-scaling of a stirred-tank process always needs adaption 

of the stirring conditions (geometry and rotation speed) for 

turbulent flow (high Reynolds number Re) and fast mixing to 

minimize the size of single fluid elements and to shorten the 

necessary diffusion length between polymer and nanoparticle. 

In order to decrease the mixing time and increase the process 

control, a static mixer can be utilized instead of a stirred-tank 

reactor. This also enables shortening the overall process 

duration (Figure 2c) by fully continuous operation of LSPC, 

mixing/supporting and filtration in parallel. Variation of 

reactor geometry and volume flow would also require further 

adaption to the colloidal additivation process for various 

nanoparticle-polymer systems and nanoparticle loadings. As a 

disadvantage, the more complex setup for continuous 

processing might not be useful for small batch fabrication with 

just a few grams of material.  

Results and discussion 

1.1. Batch wise colloidal additivation in a stirred-tank reactor 

100 g batches in a stirred-tank reactor are the first step 

towards upscaling, since it delivers a sufficient amount for 

powder characterization, e.g. measurement of Hausner ratio, 

powder spreading tests on a PBF-LB/P machine or for first 

PBF-LB/P experiments.  

As it was shown for silver nanoparticles on commercial 

PA12 powder (Evonik Vestosint 1115), the dispersion of PA12 

powder in water induces a significant decrease in pH (buffer 

effect) during colloidal additivation in a stirred-tank reactor 

[13]. The longer the mixing duration and residence time, the 

lower the pH value of the suspension. This will affect the 

colloidal stability and the adsorption process. Moreover, 

different polymer-nanoparticle systems require different 

procedures for pH adjustment to perform colloidal additivation. 

Whereas the used PA12 powder comes with an intrinsic pH 

shift caused by the buffer effect, the TPU powder (AM 

POLYMERS Rolaserit PB01) does not change the pH of the 

suspension and needs external pH adjustment for successful 

colloidal additivation with silver nanoparticles [11]. If further 

pH-adjustment is needed during mixing, stirring conditions 

become even more important, because a long stirring time at a 

low pH close to the isoelectric point increases the probability 

for aggregation of the nanoparticles. This is not an issue for 

small batches of up to 100 g, where the mixing time for 

complete supporting of the nanoparticles on the polymer is still 

in the range of minutes to reach high supporting efficiency, as 

it is shown in Figure 3 for TPU microparticles additivated with 

silver nanoparticles. After stirring for 15 minutes under 

constant shifting of the pH by addition of hydrochloride acid 

(1 ml/min of 1 mol/l, total volume: 5 ml), the surface plasmon 

resonance (SPR) peak intensity of the permeate completely 

vanishes (Figure 3a), corresponding to a reproducible 

supporting efficiency of 99.80 ± 0.12 %. This is confirmed by 

UV-Vis absorption analysis of the powder (Figure 3c). The 

SPR peak of silver was successfully transferred to the polymer 

powder (Figure 3b) and the SPR peak position only slightly 

changes for upscaling from 1 g to 50 g or 100 g batches (Figure 

3d). However, 100 g batches show a 20 % reduced SPR peak 

absorption with higher fluctuations, indicated by larger error 

bars. The influence of long mixing time becomes even more 

obvious when increasing the batch size to 1 kg of TPU powder. 

As expected, this results in much longer stirring time and a 

higher risk for complete aggregation of silver and loss of 

plasmonic properties of the powder (Figure 3c,d). After 60 

minutes of stirring, the supporting efficiency is reduced and 

powder and permeates tend to a green/grey color, instead of 

yellow color of non-aggregated Ag nanoparticles. Although 

this issue might be less pronounced for PA12-Ag, which does 

not need external pH adjustment and is a more robust system 

with less degree of freedom, these experiments highlight the 

potential problems during upscaling in a stirred-tank. 

 

 

Figure 3: (a) UV-Vis absorbance spectra of a silver colloid and the permeate 

before/after colloidal additivation in a 100 g batch of TPU, (b) exemplary 

powders, (c) absorption spectra of the functionalized powders made in 

different batch sizes and (d) corresponding SPR peak intensity (F(R) 

absorption) and SPR peak wavelength. For the 1 kg batches, permeates come 

with high instability, which makes exact determination of supporting 

efficiency impossible 

1.2. Continuous colloidal additivation with a static mixer 

In order to shorten the mixing time and increase the process 

control, a static mixer can be utilized instead of a stirred-tank 

reactor for larger batch sizes. It also enables shortening the 

overall process duration as it was shown in Figure 2c by fully 

continuous operation of LSPC, mixing/supporting and 

filtration in parallel. To prove the concept for continuous 

colloidal additivation, a static mixer cascade was constructed 

based on the requirements regarding the necessary residence 

time as well as the polymer powder and nanoparticle 
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concentrations given for the PA12-silver-system [13]. 2 m of 

tubing (inner diameter 13 mm) were mounted on a base plate 

and filled with static mixer elements (ESSKA, PTFE elements) 

to create a static mixer with a total volume of 350 ml (Figure 

4a,b). The volume flow of the colloid (c = 50 mg/l) and the 

microparticle suspension (c = 50 g/l) were both 250 ml/min. 

Operating at a total volume flow rate of 500 ml/min, equivalent 

to an average residence time of 40 s. The laser-generated silver 

colloid and the polymer suspension were stored in reservoirs of 

2 l, which were refilled regularly. With respect to the previous 

experiments and under assumption of good mixing quality, a 

dwell time of 40 s is expected to achieve at least 90 % of 

supporting efficiency [13]. After the whole tubing was filled 

with suspension, samples of the suspension at the output of the 

static mixer cascade were taken every 2 minutes and directly 

filtered to allow calculations of supporting efficiency from the 

remaining SPR peak intensity of the permeate. The process 

runs for ten minutes in total and the complete product 

suspension was filtered directly at the output of the mixer.  

 

 

Figure 4: (a) Image of the static mixer setup. (b) Schematic illustration of the 

used set-up operating with one sucking pump and (c) illustration of the 

proposed additivation system with two pumps, one of them directly attached 

to the LAL setup with further potential for fully automated continuous 

colloidal additivation of nanoparticles on polymer powders. 

As expected, the SPR peak intensity of the permeate 

decreases significantly compared to the educt colloid and the 

supporting efficiency is constantly between 90 and 95 % 

throughout the process (Figure 5a). After filtration and drying, 

the homogeneously yellow-colored powders were investigated 

by diffuse reflectance spectroscopy, where a pronounced SPR 

peak can be observed (Figure 5b). The intensity at the SPR peak 

as a function of time in Figure 5b confirms only minor 

fluctuations and a steady state of the process. The SPR peak 

position at around 400 nm and the SPR intensity are similar to 

batch-wise processed silver-functionalized PA12 powder [12]. 

Compared to TPU powder, the SPR peak position is blue-

shifted  by 10-15 nm, indicating an even better dispersion of 

the nanoparticles on the PA12. Within 10 min a total liquid 

volume of 5 l flowed through the setup, equivalent to a 

productivity of 750 g/h (3 kg in 4 h), proving the concept of 

downstream colloidal supporting. To increase productivity to 

an even higher extend, the volume flow rate and the length of 

the static mixer could be increased, resulting in a similar 

residence time but a more intense mixing. An increase of the 

reactor diameter is also an option but comes with decreasing 

velocity and therefore a less turbulent flux (lower Re), which 

should be avoided to ensure good mixing quality at the given 

residence time [21].  

In future studies, the setup schematically illustrated in 

Figure 4c directly attached to a LSPC setup could allow even 

better control over the separate volume flows, for example to 

allow adjustment of pH values and nanoparticle load. Inline 

process monitoring, e.g. UV-Vis spectrometer, flowmeter, and 

pH-meter would allow full automatization and further increase 

of productivity and process stability. In order to influence the 

nanoparticle size, the setup could further be extended with 

inline centrifugation of the colloids before entering the static 

mixer [22].  

 

 

Figure 5: (a) Supporting efficiency as a function of process duration during 

continuous colloidal supporting of colloidal nanoparticles on polymer 

powders with a static mixer at a volume flow rate of 500 ml/min and a 

powder throughput of 750 g/h (0.1 wt% silver). The inset shows dried 

functionalized powders collected during the process. (b) Exemplary F(R) 

absorption spectra of a functionalized powder and corresponding SPR peak 

absorption as a function of process duration.  

1.3. Nanoparticle dispersion and powder processability 

Colloidal additivated powders were sifted (125 µm) after 

drying. In addition, TPU powder was additivated with a flow 

aid (0.4 wt%, AM POLYMERS AC1) to enhance flowability. 

The functionalized powders showed a Hausner ratio of 1.14 

(TPU-Ag with flow aid) and 1.13 (PA12-Ag) according to VDI 

3405 sheet 1.1 norm, with matches the Hausner ratio of the base 

polymer powders without silver nanoparticle additivation 
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(Table 1). Finally, both feedstock materials were successfully 

processed through PBF-LB/P. TPU-Ag was processed on a 

diode laser machine (Sintratec S1, λ = 445 nm, more 

information in Table 2), whereas PA12 powder was processed 

on a Sharebot Snowwhite (λ = 10.6 µm, layer height of 

300 µm, building platform temperature of 192 °C). An 

overview of the materials and resulting parts is given in Figure 

6. The preservation of the yellow color caused by the SPR of 

silver nanoparticles proves the outstanding nano-dispersion of 

silver along the whole process chain, which is the key feature 

of colloidal additivation and is also supported by TEM images 

of the final PA12 part (inset Figure 6f) 

 

Table 1. Hausner ratio of the silver functionalized powders (0.01 vol%) 

compared to the powders without silver functionalization. 

 Hausner ratio 

TPU + flow aid 1,20 

TPU-Ag + flow aid 1,14 

PA12 1,15 

PA12-Ag 1,13 

 

 

Figure 6: Conservation of the surface plasmon resonance along the process 

chain for colloidal additivation of PA12 and TPU powders with silver 

nanoparticles, indicated by its characteristic yellow color. (a) Laser-generated 

silver colloid, (b) silver additivated PA12 powder, (c) test structures built 

from PA12-Ag powder by CO2-laser PBF-LB/P and (d) TPU powder with (e) 

corresponding TPU-Ag test structures built by diode laser PBF-LB/P, 

exploiting the enhanced powder absorption by the plasmon resonance at the 

diode laser wavelength of 445 nm. (f) Absorption measurement of printed 

parts with the inset showing a TEM image of a sliced PA12 part. 

Table 2. Parameters for diode laser PBF of silver functionalized TPU powder 

with a silver nanoparticle loading of 0.01 vol%.  

 Powder bed 

temperature 

[°C] 

Laser 

power 

[W] 

Hatch 

distance 

[mm] 

Scan 

speed 

[mm/s] 

Volume 

energy 

density 

[J/mm³] 

Sintratec S1 

(445 nm laser) 

94 2 0.05 200 2.0 

Conclusion 

In conclusion, the process of colloidal additivation of 

nanoparticles on polymer powders was successfully scaled-up 

towards kg-scale. Since drying and sifting are relatively easy to 

scale to kg/day, the liquid-phase processing is identified as the 

current bottleneck with highest optimizing potential to reduce 

the amount of man-hours/kg. For small batch sizes of up to 

100 g of functionalized powder, a batch process in a stirred-

tank reactor is a feasible method, whereas a continuous 

processing with a static mixer leads to high throughput in the 

kg-scale, which is necessary for using the nanoparticle-

functionalized power for PBF-LB/P part fabrications. Besides, 

along the whole process chain, nanoparticle properties are 

preserved. Whilst productivity is enhanced by this continuous 

approach, process control could profit from it as well. The fast 

mixing and narrow residence time distribution of a static mixer 

could enable precise control over nanoparticle adsorption and 

dispersion on the polymer particle surface by fine tuning pH 

values, volume flow rates and concentrations of the mixed 

fluids. Nanoparticles could be supported just a few seconds 

after LSPC under constant conditions. Encouraged by the 

results presented here, future studies should focus on process 

optimization and investigation of the deposition yield, kinetics 

and nanoparticle dispersion in steady state conditions for 

various polymer-nanoparticle systems. Through 

automatization, this continuous colloidal additivation approach 

has high potential to meet the needs for upscaling towards the 

multi-kg and thus increasing the technology readiness level 

(TRL), which is a common measure for evaluation of the 

technology development status [23] and was demonstrated by 

Maurer et al. for laser-based nanoparticle-polymer composite 

fabrication [24]. 
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6 3D printing of nanoparticle-

functionalized powders 

Nanoparticles generated by laser synthesis enable colloidal additivation of polymer 

microparticles to create nanoparticle-functionalized feedstock material that are ready for 

PBF-LB. After focusing on the colloidal additivation process and its upscaling potential for 

providing sufficient powder amounts, this chapter will closely evaluate the influence of 

highly dispersed nanoparticles on the PBF-LB process. As discussed in Chapter 2, powder 

spreading, laser absorption, and melting and resolidification behavior of the polymer govern 

PBF-LB. The nanoparticle size and dispersion could potentially influence all these factors 

simultaneously. For example, nanoparticles on the surface of polymer microparticles affect 

the van der Waals forces between the microparticles, thereby altering the powder flowability 

and recoating behavior [19,20,135]. Nanoparticles also influence the beam-matter 

interaction; e.g., light scattering or absorption [22,136,138,139]. Instead of using a broad 

band absorber such as carbon black to increase the light absorption of polymers for diode 

laser PBF; absorbers with narrow wavelength ranges are of particular interest [128,129]. 

This is shown in Chapter 6.1  for thermoplastic polyurethane (TPU) powder, whose 

adsorption properties in the blue spectral region can be tuned by homogeneous decoration 

with just 0.01 vol% of plasmonic silver nanoparticles, which act as photothermal sensitizer 

during processing with a 445 nm diode laser PBF-machine [272]. Finally, highly dispersed 

nanoparticles also modify the melting and resolidification behaviors and may act as nuclei 

during cooling of the polymer after laser-induced melting [16,113,131]. Even at small 

nanoparticle loadings well below 1 wt%, high dispersion and small nanoparticle size may 

affect crystallization. Since heterogeneous nucleation can also manipulate the microstructure 

of the printed part, which also affects the mechanical properties [18,138–140,145,146], an 

investigation of calorimetric properties and microstructure is shown in Chapter 6.2 . 
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6.1  Tuning the laser absorption of polymer powders 

 

Plasmonic Seasoning: Giving Color to Desktop Laser 3D Printed 

Polymers by Highly Dispersed Nanoparticles  

 

Reprinted from Advanced Optical Materials 2000473 (2020) under CC BY 

 

Highlights: 

 Detailed study of the nanoparticle adsorption kinetics on polymer powders, 

highlighting the important role of stirring conditions  

 The pH-dependent zeta potential affects supporting efficiency (quantity) and 

dispersion (quality) 

 Dispersion quality determines the optical properties of plasmonic TPU powders 

 Highly dispersed silver nanoparticles delay TPU melting during heating 

 Ag nanoparticles act as photothermal sensitizers and enable PBF-LB with compact 

diode laser machines already at 0.01 vol% to create 3D objects  

Appendix:  

 Supporting information (A8) 

 Spray drying of TPU powder suspensions for nanoparticle-functionalization (A9) 
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shape-shifted 4D printing.[5] In line with 
this development, the demand emerged for 
new materials suitable for additive manu-
facturing. In the ield of laser powder bed 
fusion of polymers (PBF-LB/P) (a method 
deined by ISO/ASTM 52900) ≈90% of all 
polymer powders currently in use are poly-
amide powders.[6] Thus, there is a great 
efort to develop new processable materials 
for this particular method.[7,8] However, 
suitable new powders are being introduced 
to the market very slowly, and they often 
must struggle to match industrial quality 
standards, such as suicient lowability, 
optical absorption, and melting and reso-
lidiication characteristics.[9–11] For example, 
thermoplastic polyurethane (TPU) is a ver-
satile material,[12,13] and it is interesting for 
laser powder bed fusion (PBF-LB) because it 
has high resistance against wear or chemi-
cals[14] and exhibits adjustable mechanical 

properties by a combination of soft, amorphous elastomers and 
hard, ordered thermoplastic domains.[15,16] Goodridge et al.[11] and 
Ziegelmeier et al.[17] showed that TPU can be processed success-
fully by PBF-LB. However, apart from its extrinsic properties, such 
as the lowability of the powder, the unfavorable thermal prop-
erties inhibit the use of TPU powders in PBF-LB processes.[18] 
The soft, amorphous portion of the structure results in TPU not 
having a sharp melting and crystallization peak; rather, it has 
broad phase transitions that are diicult to deine. In addition, the 
peaks are relatively close to each other, resulting in only a narrow 
process window for PBF-LB. For this reason, process tempera-
ture and especially the preheating temperature for TPU can be 
adjusted only to a limited extent; thus, to date, these temperatures 
have been approximated by complex, empirical “trial & error” 
optimization.[18] Also, TPU has an increased tendency to coales-
cence during heating (caking), and this reduces the recyclability 
of the powder.[17] So far, these problems have been compensated 
by complicated and expensive adaptations of the process param-
eters. Thus, it is of great interest to modify the intrinsic properties 
of TPU powder for PBF-LB and aim for a sharp melt transition, 
which would allow high preheating temperatures without caking.

The development of PBF-LB processable polymers, such as 
TPU, is limited further by its weak absorption in the visible and 
near-infrared ranges, so expensive CO2 lasers are required to 
heat and fuse the powders. Studies of process parameter studies 
would be facilitated[19] if desktop PBF-LB machines could be 
used with smaller build volumes, simpler beam guidance sys-
tems, and diode laser sources. Carbon-based photothermal 

Material development is key for continuing the exponential growth in the ield 

of 3D printing. However, 3D printing of polymers by laser powder bed fusion 

(PBF-LB) still is limited to a few polymer powder materials, which restricts 

the range of applications. Tailoring the chemical, rheological, mechanical, or 

optical properties of the feedstock powder to the requirements of the laser 

printing process poses a signiicant challenge. In order to meet global trends 

in the commercialization of desktop 3D printers, the use of inexpensive and 

compact diode lasers for PBF-LB in the visible or near-infrared range is highly 

desired. However, at present, only black objects can be printed by desktop 

laser printers since only commercial carbon black-based composite powders 

meet their laser absorption requirements. In this study, a route for tuning the 

absorption properties of thermoplastic polyurethane polymers and incorpo-

rating color into printed objects by using minute amounts (i.e., 0.01 vol%) of 

highly dispersed plasmonic silver nanoparticles is reported, presenting a new 

way for colored parts to be produced through laser 3D printing.
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1. Introduction

With the increasing need for more sustainable use of raw mate-
rials and the demand for higher complexity in design, the interest 
in additive manufacturing (colloquially: 3D printing) has grown 
exponentially in development and application[1–3] as well as in 
society,[4] and new responsive materials even have given rise to 

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA,  
Weinheim. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and re-
production in any medium, provided the original work is properly cited.
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sensitizers, such as carbon black, graphene, or carbon nano-
tubes, can overcome this issue and result in strong absorption 
in the visible and near-infrared spectrum, which makes diode 
laser sintering possible but also results in the inal parts having 
a black color. Thus, the parts can only be colored in post pro-
cessing, which is a drawback compared to material extrusion 
or binder jetting, both of which can work with diferent colors 
in the 3D printing process. To overcome this issue, the use of 
a nanosized photothermal sensitizer with an absorption range 
tuned to a speciic wavelength is a promising approach. Gold 
nanorods have been demonstrated to achieve this aim,[20] but 
silver nanoparticles are a factor of 40 cheaper than gold, and 
they have a molar absorption coeicient that is four times 
higher at the surface plasmon resonance (SPR) peak.[21] While 
nano- and microparticulate additives often are used to enhance 
the optical, mechanical, and calorimetric properties of powders 
for PBF-LB,[22] the typically high amounts of the additives that 
are required (>>1 wt%) often lead to agglomeration and a lack of 
dispersion. Therefore, small mass loadings, that is, <0.1 wt%,[23] 
and a ine, homogeneous dispersion of the nanoparticles are 
needed. A scalable additivation method that can fulil these 
needs is colloidal additivation with surfactant-free nanoparticles, 
which was shown for polyamide (PA) 12[24] and steel powder[25,26] 
in the context of PBF-LB. In this process, colloidal nanoparti-
cles and polymer microparticles are mixed, and a homogeneous 
decoration of the surfaces of the polymer microparticles with 
nanoparticles is achieved. Analogous to the generation of het-
erogeneous catalysts by electrostatic controlled supporting,[27–31] 
the colloidal additivation of polymers features a high dispersion 
with only minor aggregation of nanoparticles during the pro-
cess. In particular, nanoparticles generated by laser synthesis 
and processing of colloids (LSPC)[32] are suitable for colloidal 
supporting since they do not have any surfactants and often 
have enhanced adsorption (supporting) behavior on micropow-
ders. Since LSPC is a versatile,[33,34] scalable,[35,36] and economi-
cally feasible[37] method to generate colloids, it is compatible 
with the production of powder for additive manufacturing.

The aim of our study was to enhance the light absorption 
of TPU powders in a small spectral region in order to perform 
PBF-LB with a diode laser at 445  nm by using a small mass 
fraction of silver nanoparticles (<<1  wt%). This approach of 
developing plasmonic-functionalized raw materials for 3D 
printing has been shown successfully before for plasmonic 
resins in two-photon polymerization[38,39] as well as in the near-

ield-enhanced laser sintering of semiconductors.[40] Due to 
their high coeicient of molar absorbance,[21,41,42] silver nano-
particles are suited ideally for use as photothermal sensitizers. 
The colloidal additivation route depicted in Figure 1 was used 
to achieve a high dispersion and high surface coverage of plas-
monic silver nanoparticles on TPU micropowders to absorb 
light at 445 nm during PBF-LB without the inal part’s having a 
black or grey color after processing. In addition, silver nanopar-
ticle-polymer composites show high potential for applications 
in the ields of biology,[43] catalysis,[44] and electronics.[45,46]

2. Results and Discussion

2.1. Adsorption Kinetics during Surface Functionalization  
of Powders

2.1.1. pH-Controlled Dispersion of Nanoparticles  
on Polymer Powders

Silver nanoparticles generated by LSPC in aqueous solution 
have a distinct SPR peak at 397  nm (Figure 2a) due to their 
small size of d50 = 5.3 nm (Figure 2b), which leads to the yellow 
color of the colloid (see inset of Figure 2a). Relevant parameters 
for further characterization are the SPR peak maximum wave-
length and intensity, as well as the intensity at a wavelength of 
445  nm (λdiode  laser). The SPR peak intensity is used below to 
calculate the supporting eiciency of the silver nanoparticles on 
the polymer powders. The supporting eiciency is deined as

Supporting efficiency Abs Abs /Abs 100%SPR,educt SPR,product SPR,educt( )= − ×  (1)

where AbsSPR,educt is the absorbance of the laser-generated educt 
colloid at the SPR wavelength, and AbsSPR, product is the corre-
sponding absorbance of the functionalized powder. The higher 
the absorbance at 445  nm, the higher the potential absorption 
of the powder will be after additivation and the lesser the laser 
energy will be needed during PBF-LB. Since the SPR wavelength 
and its intensity are dependent on the size and aggregation of 
the nanoparticles, colloidal stability has a crucial role during the 
additivation of the polymer powders in the liquid phase.

After performing LSPC, the silver colloids show high stability, 
characterized by their electrokinetic potential (zeta potential ζ) of 
about –35  mV at pH = 6. Ripening efects typically change the 

Adv. Optical Mater. 2020, 2000473

Figure 1. Process chain for the colloidal additivation of polymer powder with laser-generated silver nanoparticles: Laser ablation liquids, pH-controlled 
mixing with polymer microparticles resulting in adsorption of nanoparticles on the polymer surface (supporting), iltration, and drying. This process 
enables achieving an extraordinary dispersion of nanoparticles on the composite powder for plasmon-enhanced powder bed fusion of the polymer 
powder with a diode laser operating at 445 nm.
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size of the nanoparticles and the zeta potential, especially within 
the irst day after synthesis,[47] and this could lead to luctuations 
in the additivation process and in the quality of the nanoparticle 
composite after additivation. In addition, storing silver colloids 
over a long period of time, such as days or weeks, also could 
result in instability and insuicient reproducibility. In order to 
ensure reproducibility, colloidal supporting on the TPU micro-
particles was performed 1 day after the synthesis of the nano-
particles. (Also, see Figure S4, Supporting Information for the 
inluence of the colloid aging efects.) The literature indicates 
that colloids with ζ values that range from −30 to +30 mV tend 
to have a higher degree of agglomeration,[48] and the literature 
also indicates that the stability of colloids is highly dependent on 
temperature,[43] which makes normalization of the zeta potential 
to the thermal energy kBT useful. Figure 3 shows the supporting 
eiciency as a function of normalized colloidal stability. The green 
area corresponds to a supporting eiciency >90%, and it indicates 
the process window (2.5 ≤ pH ≤ 3.0) for supporting silver nano-
particles on TPU microparticles. This was conirmed by the X-ray 
luorescence (XRF) analysis of the powder that was generated, in 
which 86% of the expected silver was found. Note that a small 
amount of silver ions is dissolved in the permeate and does not 
contribute to the plasmon peak. In Figure  3, the yellow shaded 
area indicates that the supporting eiciencies range from 0% to 
90% (for pH values between 3 and 6). In general, for e|ζ| ≤ kBT   
(note that at room temperature, this corresponds to an absolute 
value of 26  mV or smaller for the zeta potential), the colloidal  
stability is low, and the supporting eiciency increases. In the inset  
of Figure  3, representative suspensions are shown immediately 
after mixing. Colloids turn clear and powders turn yellow for low 
colloidal stability, whereas no supporting can be observed for 
e|ζ| > kBT, and the suspension conserves its yellow color.

In agreement with the measured supporting eiciencies 
shown in Figure  3, we observed no signiicant change in the 
color of the powder after drying and sifting when no sup-
porting occurred (Figure  4d); this was due to the fact that 
almost no plasmonic particles are adsorbed on the surface of 
the polymer. In contrast, a change from the pure TPU (white 

powder) to the bright yellow powder, Ag-TPU, occurs when 
the pH is in the range of 2.5 to 3.0, indicating a high sup-
porting eiciency (Figure  4e). If supporting was successful, 
the SPR peak of the colloid would have been conserved in 
the dried composite powder (Figure  4a). However, the com-
posite powders show signiicant diferences in their absorp-
tion spectra depending on the colloidal stability (normal-
ized zeta potential) during additivation. Figure  4b shows the 
absorption at diferent characteristic wavelengths as a func-
tion of colloidal stability. As expected, the highest SPR peak 
intensity can be found for the highest supporting eiciencies 
(e|ζ| < kBT). At very low colloidal stability (e|ζ| << kBT), which 
corresponds to a pH  <  2.5, a strong increase in the absorp-
tion at 600 nm can be observed without any signiicant change 
in supporting eiciency or SPR intensity. The wavelength of 
the SPR peak and the ratio of the intensity of the SPR peak 
and the intensity at 600  nm (AbsSPR/Abs600) can be used to 
determine the degree of aggregation. The shift in AbsSPR/
Abs600 identiies an aggregation efect. The lower the col-
loidal stability, the lower the AbsSPR/Abs600 ratio becomes and 
the larger the relative amount of aggregates becomes that no 
longer show a SPR in the visible range but have a strongly 
damped SPR and mainly a characteristic grey color like bulk  
silver (Figure  4f). There is a signiicant shift in the SPR 
maxi mum from 397  nm (laser-generated colloid) to 410  nm 
(composite powder, 0.2 < e|ζ| < kBT). For an additional decrease of 
colloidal stability (e|ζ| < 0.2), the SPR shift of the powder is even 
more prominent (up to 417 nm). This also could be explained 
by minor nanoparticle aggregation. Based on the literature, we 
expect an aggregate size of 24  nm for a SPR peak at 410  nm 
and a size of 36  nm for a SPR peak centered at 417  nm[49–51] 
(Figure S5, Supporting Information). Since the plasmon 
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Figure 2. a) UV–vis spectrum of a laser-generated silver colloid stabilized 
by sodium citrate at a concentration of 100 µmol L−1 in water. The char-
acteristic SPR peak wavelengths λSPR peak max. and the wavelength of the 
diode laser used for PBF-LB (λdiode laser) are marked on the graph. The 
inset depicts a typical laser-generated silver colloid with its characteristic 
yellow color. b) Representative TEM image of the particles (d50 = 5.3 nm). 
Figure S1, Supporting Information provides more information concerning 
the particle size distributions. Figure 3. Supporting eiciency as a function of colloidal stability, deined 

by the zeta potential normalized to kBT. For e|ζ| ≤ kBT, the colloidal sta-
bility is low, and adsorption occurs. The green marked area corresponds 
to a supporting eiciency of >90% and indicates the process window 
(2.5 ≤ pH ≤ 3.0) for supporting silver nanoparticles on TPU micropar-
ticles. In the yellow area, supporting eiciencies range from 0% to 90% 
(for pH values between 3 and 6). See Figure S3, Supporting Information 
for more details.
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resonance still is conserved in the composite powder, a homo-
geneous nanoparticle coating of the polymer surface can be 
expected. This was conirmed by scanning electron microscope 
(SEM) imaging of the powders (Figure 4g–n). At a low sup-
porting eiciency, only scattered silver particles can be found 
on the surfaces of the TPU microparticles (Figure  4h,l). The 
surface looks similar to the SEM images of neat TPU particles  
(Figure 4g,k). After successful colloidal additivation (e|ζ| < kBT),  
the surface of TPU microparticles is decorated homogeneously 
with nanoparticles (Figure 3i,m), resulting in a plasmonic TPU 
powder. As expected, the distribution of nanoparticles is homo-
geneous, and only minor aggregation can be observed. In con-
trast, strong aggregation occurs for e|ζ| << kBT (Figure 4j,n).
Figure  5 shows the particle size distributions for homo-

geneous dispersion and aggregation in order to quantify the 
inluence of colloidal stability on the aggregation of the nano-
particles on the surface of the TPU. In accordance with the 
size estimation from the SPR peak position, the maximum 

size distribution occurred around 25 nm (xc = 25.3 nm). Com-
posite powders with aggregated silver nanoparticles have a 
broader size distribution, which is shifted toward larger Ferret 
diameters. The polydispersity index (PDI), which is a measure 
of the dispersion and shifts from 0.14 (monodisperse  <0.3) to 
0.41 (polydisperse), also is in agreement with the results of 
powder spectroscopy. These results underline the capabilities 
of spectroscopic analysis and its potential as a characteriza-
tion method for fast parameter screening during plasmonic 
functionalization.

Since the resolution of SEM is limited to ≈15 nm for the anal-
ysis of the surfaces of the polymer particles, transmission elec-
tron microscopy (TEM) images of the sliced polymer particles 
were used to analyze the primary size of the particles after col-
loidal additivation (Figure 6). With an xc value of 8.7  nm, the 
primary particle size lies in the range of colloidal particle sizes 
of the educt shown in Figure 2, further featuring a very narrow 
size distribution (PDI  =  0.05).

Adv. Optical Mater. 2020, 2000473

Figure 4. a) Powder absorption spectra of the nano-additivated plasmonic TPU powders produced at diferent colloidal stabilities (normalized zeta 
potential). b) Powder absorption at the characteristic wavelength (SPR peak, at 445 and 600 nm) as a function of colloidal stability (normalized zeta 
potential). c–f) Images of powders after colloidal additivation. g–n) Corresponding SEM images in two magniications showing the nanoparticle dis-
persion on the surface of the TPU.
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2.1.2. Nanoparticle Concentration and Mixing Dependency

Colloidal stability is governed by both the zeta potential and 
the concentration of the nanoparticles. The mixing time of the 
suspension plays a crucial role in the supporting process. Both 
parameters are key factors for scaling up the colloidal additiva-
tion process toward 1 kg of composite powder. Figure 7a shows 
the supporting eiciency as a function of the stirring time, t, 
and the initial concentration of the nanoparticles, cNP,0. Even 
for very short stirring times of a few seconds, high supporting 
eiciencies of >70% were reached. The speed of the process is 
related directly to the initial concentration of the nanoparticles, 

that is, the higher the initial concentration of nanoparticles is, 
the faster the process becomes. Independent from the concen-
tration of nanoparticles that was used in our experiments, the 
process is completed in 3  min with a supporting eiciency of 
>95%. However, nanoparticle concentrations above 50  mg L−1  
are not suitable because colloidal stability, AbsSPR/Abs600, and 
the SPR peak intensity of the composite powder decrease. 
Reproducibility also is an issue for high concentrations  
(Figure S6, Supporting Information). For a concentration 
of 50  mg L−1, a supporting eiciency of 95% is reached in a 
mixing time of 1  min. Plotting the adsorption rate as a func-
tion of initial nanoparticle concentration in Figure  7b gives a  
linear correlation and a slope of 1 (R2  = 0.999), which corre-
sponds to irst-order kinetics with the deposition rate, d, given by
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Figure 5. Particle size distribution based on the SEM images of homoge-
neously dispersed silver nanoparticles on the surface of the TPU micro-
particle (0.1 wt%) at optimum process conditions (e|ζ| < kBT) and at a 
very low colloidal stability (e|ζ| << kBT).

Figure 6. Particle size distribution as extracted from the TEM images 
of homogeneously dispersed silver nanoparticles on TPU microparticles 
(0.1 wt%) at optimum process conditions (e|ζ| < kBT) (1600 particles were 
counted.) Before imaging, particles were embedded in a resin and sliced 
with a microtome.

Figure 7. a) Contour plot illustrating the connection between the initial 
concentration of nanoparticles, cNP, mixing time, t, and the supporting 
eiciency of the colloidal nanoparticles on the TPU microparticles.  
b) Double logarithmic plot of deposition rate over initial silver concentra-
tion of 50 mg L−1. The dashed lines are linear its (R2 = 0.972) with the 
slopes given in the diagram. A slope of ≈1 indicates a irst-order kinetic, 
which only depends on the concentration of the nanoparticles. c) ln(cNP) 
as a function of mixing time for cNP = 50 mg L−1 to calculate the deposi-
tion constant, k.
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Agd k c ( )= ⋅  (1)

Under the assumption of a constantly high number of 
adsorption spots on the surfaces of the microparticles, which 
is true only for small loadings of nanoparticles, there is no 
dependency on the concentration of the microparticles. The 
value of r is dependent only on the concentration, c(Ag), of the 
nanoparticles and the deposition rate constant, k. The value of 
k can be extracted from the slope in Figure 7c, where ln(cNP,0) 
is plotted as a function of t. In a stirred-tank reactor, the mixing 
time depends on both macroscopic and microscopic mixing. 
The latter is driven by difusion, whereas macroscopic mixing 
depends strongly on the stirring conditions. Good macroscopic 
mixing shortens the difusion time that is necessary on the 
microscopic scale, and it requires turbulent low that is char-
acterized by a large Reynolds number, ReR, of the stirrer. Re 
depends on the density, ρ, and the viscosity, η, of the luid, the 
diameter, d, and the rotation velocity, n, of the stirrer.

R

2

Re
ndρ

η
=  (2)

For the setup used in this study, the value of ReR was around 
2100, which is in the transition regime between laminar and 
turbulent low. The necessary mixing time, θ, which typically is 
deined as the mixing time for 95% homogeneity, is a function 
of ReR and the constant, c, which represents a correction factor 
for the geometry of the tank.

θ
η

ρ
=

2 2
n d

c

 (3)

The larger the dimensions of the stirrer and its velocity are, 
the faster the mixing occurs, but the mixing time also depends 
on the size of the reactor. Since the tasks of the stirring system 
are to minimize the sizes of the segregated luid elements and 
to shorten the distances over which difusion takes place, this 
system must be adjusted if the dimensions of the reactor and 

the ReR change in order to upscale the supporting process. 
Therefore, θ must be measured empirically for any new setup. 
In considering the supporting process that is being driven by 
colloidal destabilization (Figures 3 and 4), it is important to be 
aware that an increased mixing time at a constant pH value 
inevitably results in more aggregation since the nanoparticles 
have more time to aggregate before they are deposited on the 
surface of the polymer. Also, the dosing with acid to adjust the 
pH must be adjusted if the mixing time increases to avoid a 
large pH gradient within the suspension, which, again, would 
lead to stronger aggregation and, in the worst case, even to a 
complete loss of the SPR. The importance of mixing will be 
even more signiicant in the context of varying the loading of 
nanoparticles.

2.1.3. Variation of the Loading of Nanoparticles

A possible way to adjust the absorption of the composite 
powder at the wavelength of 445 nm is to vary the loading of 
nanoparticles. This, in turn, can be achieved either by varying 
the concentration of the nanoparticles at a constant colloid 
volume or by varying the volume of the colloid at a constant 
concentration of nanoparticles (Figure S7, Supporting Infor-
mation). In both cases, the mass of the polymer is ixed. How-
ever, varying the concentration of the colloid is not useful 
since it would have signiicant efects on the stability of the 
colloid, the supporting eiciency, and the necessary mixing 
time. Therefore, the volume of the colloid was varied, and, 
thus, only the batch size was changed. In Figure 8a,b, the sup-
porting eiciency, the absorption of powder at the SPR peak, 
and the wavelength of the SPR peak are plotted as functions 
of nanoparticle loading. We observed a high supporting ei-
ciency, that is, greater than 90%, for nanoparticle loadings 
of up to 0.2 wt% and a strong decrease in supporting ei-
ciency (i.e., 60%) for a mass loading of 1.0  wt% (Figure  8a). 
The absorption of powder and the SPR peak wavelength had 
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Figure 8. a) Supporting eiciency as a function of nanoparticle loading: The inset shows the powders at diferent loadings of nanoparticles. The black 
bar measures 1 cm. b) TPU powder SPR peak absorption and SPR peak wavelength as a function of nanoparticle load, which was achieved by keeping 
the nanoparticle concentration constant and varying the polymer particle concentration. c) Normalized SPR peak absorption at 1.0 wt%. d) AbsSPR/
Abs600 as a function of mixing time.
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similar trends (Figure  8b). Both were linearly dependent on 
the nanoparticle loading until a loading of 0.1  wt%. Above a 
mass loading of 0.2 wt% both curves saturate. This could be 
attributed to the decreasing distances between the nanoparti-
cles on the surface of the polymer surface and a trend toward 
a higher degree of aggregation. The batch size increased with 
wt% (larger colloid volume), and this increased the mixing 
time that was necessary (Figure  8c,d) as well as the prob-
ability of the aggregation of the nanoparticles on the surface 
of the polymer. When the mixing time was increased from 3 
to 20  min, a positive efect (+85%) on the absorption of the 
powder was observed. However, this positive efect was lim-
ited to a relatively small extent, and it did not compensate fully 
for the deviation from the expected absorption of the powder 
based on the linear extrapolation of the values below 0.1 wt%. 
Therefore, we concluded that a low or moderate nanoparticle 
loading leads to a low probability of the agglomeration of the 
nanoparticles on the surface of the polymer due to the lower 
density of the packing, resulting in plasmonic-functionalized 
TPU powder with homogeneous coverage of the surface by Ag 
nanoparticles.

2.2. Characteristics of the Functionalized Powder  
for Laser 3D Printing

2.2.1. Powder Melting Behavior

The presence of highly dispersed nanoparticles on the surface 
of the polymer was expected to inluence the melting behavior 
of the powder. When placed on a heating stage, the samples 
that had been additivated with silver nanoparticles had higher 
melting temperatures. Instead of melting around 120 °C and 
forming a uniform layer at 126 °C, additivation with 0.1 wt% of 
silver nanoparticles shifted the formation of a uniform layer to 
150° C (Figure 9a). The diferential scanning calorimetry (DSC) 
results conirmed this trend and showed a change in the melting 
temperature from 115 to 123 °C. In addition, the melting peak 
appeared sharper (Figure 9b). Interestingly, the melting temper-
ature did not show any further shift above 0.2 wt% (Figure 9c), 
which correlates with the saturation of the absorption during 
the variation of the nanoparticle loading in Figure 8. Hence, it 
was indicated that 0.1 to 0.2 wt%, which is equivalent to 0.01 to 
0.02 vol%, was an eicient amount for additivation.

Adv. Optical Mater. 2020, 2000473

Figure 9. a) Optical microscopy images of the TPU powders on a heating stage heated at the rate of 10 K min−1. b) Heat low as a function of tempera-
ture during the melting of the silver nanoparticle-additivated TPU powder heated at 10 K min−1 as measured by DSC. c) Corresponding temperature at 
the onset of melting as a function of the loadings of nanoparticles.
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2.2.2. Powder Rheology

The processing behavior was investigated based on the nano-
additivated powder with 0.1  wt% silver. In order to meet the 
need for high productivity of the powder additivation, the col-
loidal additivation process was scaled up successfully to the kg 
scale by 100 g batches of polymer powder in 2 L of colloid. The 
properties of the powder were investigated to determine its suit-
ability for PBF-LB with a diode laser at 445  nm. It was found 
that the powder had suitable optical properties. (For more 
details, see Figure S8, Supporting Information.) The bulk den-
sity and the Hausner ratio were measured. Also, the inluence 
of a low aid on the composite powder properties was investi-
gated to ensure a fair comparison with the unfunctionalized 
commercial TPU powder. All laser sintering powders usually 
are modiied using low aids in order to improve processa-
bility, which is a standard procedure for commercial powders. 
Figure  10 shows the results. With regard to the bulk density, 
the powders functionalized with silver nanoparticles always had 
lower values than the raw material that was used for the tests. 
To improve the bulk density, an additive was placed in the func-
tionalized TPU powder to improve the low properties. As the 
proportion that was added increased, the bulk density increased 
signiicantly from 0.39 to 0.43 g cm−3. Even so, the values of the 
reference still were just over 20% higher than those of the TPU 
powder loaded with silver. Thus, the nano-functionalization 
led to a decrease in the bulk density. Comparative studies that 
investigated the storage of the TPU powder in citric acid with 
subsequent drying in a vacuum furnace showed that the bulk 
density after the citric acid treatment decreased to ≈0.46 g cm−3 
after only 1 h. After 12  h, the bulk density had decreased fur-
ther, to 0.43 g cm−3. However, the colloidal additivation process 
cannot fully explain the decrease since the TPU powder was in 
contact with the acidic environment only for a few minutes.

The Hausner ratio shows the opposite behavior. The refer-
ence value is 1.2, which is in the range of a free-lowing powder 
(Hausner ratio <1.25). In comparison, the Hausner ratio is 
somewhat lower for powders loaded with silver, that is, the 
values are between 1.14 and 1.15. The proportion of the low aid 
only has a minor inluence. The results seem to indicate that the 
modiied powders have better lowability than the reference. The 
Hausner ratio measures the compaction of a powder that was 
poured earlier. It indicates the extent to which the powder can be 
compacted further. According to the VDI 3405 sheet 1.1 norm, 
the compaction is caused by knocking. A powder that lows very 
well directly forms dense packing during pouring, and it only 
can be compressed a little further. In a poorly lowing powder, 
there are numerous cavities in the bulk powder, and some of 
them can be eliminated by tapping. However, it has been found 
that, in some cases, even poorly lowing materials have low com-
paction. In this case, the Hausner ratio is not always a clear evi-
dence. In the present case, a worse lowability can be assumed 
to be due to the very low bulk density as well as due to the fact 
that the low aid hardly has any inluence on the Hausner ratio.

Measurements also were carried out with the REVOLUTION 
Powder Analyzer (RPA). For reference reasons, additional 
measurements were performed with the commercial TPU 
powder type AM POLYMERS Rolaserit PBGR01. The measure-
ments were performed on the silver nanoparticle additivated 
TPU powder with the addition of 0.4% low aid. Both the virgin 
powder and powder from the part cake after processing were 
analyzed. The results in Table  1 show that, for the avalanche 
angle, the reference material is in the range of 52°, while the 
angle for the modiied powders with silver nanoparticles was 
between 60° and 62°, and ageing only had a slight efect. The 
optimal values for the avalanche angle are as low as possible. 
However, for the surface linearity, values close to one are 
optimal. The results that were obtained showed a slightly higher 
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Figure 10. a) Bulk density. b) Efect of the content of the low aid on the Hausner ratio of the silver nanoparticle-additivated TPU powders.

Table 1. REVOLUTION Powder Analyzer measurements for reference materials and silver nanoparticle additivated TPU powders in dependency of 
the content of low aid and material aging.

Avalanche angle [deg] Surface linearity Surface fractal

TPU + carbon black (AM POLYMERS 

ROLASERIT PBGR01)

51.70 ± 0.38 0.971 ± 0.001 4.50 ± 0.15

TPU + 0.4% low aid 61.62 ± 0.60 0.966 ± 0.002 3.53 ± 0.20

TPU + 0.4% low aid; used 60.90 ± 0.41 0.966 ± 0.001 4.68 ± 0.20
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value for the reference material. Also, aging had no signiicant 
efect. The optimal surface fractal is in the range between 2 and 
4. While the reference material and the aged material with 0.4% 
low aid are outside this interval, the unaged composite powder 
with silver nanoparticles was within the range. In general, the 
clearest diference between new and used powder can be seen 
here, that is, the values for the used powder are always higher. 
However, it is diicult to make a clear statement about the 
quality of the powders at this point due to the diferent charac-
teristics of the values.

2.3. Plasmonic-Enhanced Laser 3D Printing

2.3.1. Processing of Functionalized TPU Powder

Based on the measured results and the irst test with a 0.3 wt% 
low aid, all further PBF processing tests were conducted with 
the highest amount of low aid, that is, 0.4 wt%. It is evident 
that the application of the powder, especially on the compo-
nents, was insuicient (Figure  11a). This also indicates poor 
low behavior, but the processing was reliable. The laser energy 
input provided good melting and the formation of a melt ilm 
of the material. Thus, it was proven that the functionalization 
of the TPU powder with silver nanoparticles provided suicient 
absorption for PBF-LB using lasers with visible light. For com-
parison, two diferent energy inputs, that is, 2.0 and 2.3 J mm−3, 
were investigated (Table 2). These two energy inputs led to suit-
able melting behaviors in the process, but the energy input that 
was required was almost ten times greater than that in PBF sys-
tems with CO2 lasers.[52] Also, compared to typical carbon black 
additivated TPU powder (with an energy input of 0.42 J mm−3), 
almost ive times as much energy input was required. Com-
pared to carbon black additivation, this results in a signiicantly 
slower process with small scan speeds, since the laser energy 
is ixed, and the area-normalized energy dose only can be 
increased by decreasing the scanning speed. As Powell et al.[20] 
stated, a balance must be found between efective heating and 
coloring the material the same color as the photothermal sen-
sitizers. Since the silver additivated powders are much brighter 
than the carbon black additivated powders, additional coloring 

of the plasmonic Ag-TPU powders could be possible, but not 
if carbon black is used. Furthermore, the process control was 
suitable for producing diferent specimens (Figure 11b).

2.3.2. Investigation of the Properties of the Printed Part

Density cubes and tension bars were generated, and they were 
examined to determine their respective properties. After meas-
uring and weighing the parts, the Archimedes method was 
used to calculate the densities of the parts (Figure  12a). For 
manual measurements, the density values were in the range 
of 0.82–0.93  g cm−3, which clearly were less than the usual 
density of the material, which is about 1.07 g cm−3. The Archi-
medes measurement indicated that the densities were 1.10 or 
1.06 g cm−3. It was noted that the density seemed to decrease 
at the higher energy density in contrast to the manual meas-
urements. This efect can be explained by the general density 
values. Since the parts have signiicant porosity, their densi-
ties generally are rather low. From the measurement according 
to Archimedes, it is known that, with laser-sintered parts, the 
measuring medium can penetrate the part thereby decreasing 
its porosity.[53] When this occurs, the measured density is 
greater than the actual density. Since the porosity is higher at 
2.0  J mm−3 than it is at 2.3  J mm−3 due to the lower density 
(manual measurement), the described efect also occurs when 
measuring according to Archimedes. Therefore, the density 
appears higher.

The stress–strain curves for two exemplary tension bars for 
the two energy inputs (Figure  12b) show that a higher energy 
density leads to both a higher breaking stress and a higher 
elongation at break. For comparison purposes, the results of the 
tensile tests that were conducted are summarized in Figure 13. 
The characteristic values increased signiicantly in each case 
for a higher energy input. The Young’s modulus was between 
22 and 32  MPa, so the value for 2.3  J mm−3 was 46% higher 
than it was for an energy input of 2.0  J mm−3. The values of 
the tensile strength were 2.6 and 3.2 MPa, with the latter being 
23% higher. In the case of elongation at break, the diference 
was the smallest, that is, only 7%. The values were 195% and 
209%, respectively. Thus, it was apparent that the characteristic 
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Figure 11. Visible (445 nm) diode laser powder bed fusion: a) image of the powder bed during processing; b) resulting parts of the silver nanoparticle 
additivated (0.1 wt%) TPU powders.

Table 2. PBF-LB processing parameters.

Laser power [W] Hatch distance [mm] Scan speed [mm s−1] Volume energy density [J mm−³]

Parameter set 1 2 0.05 200 2.0

Parameter set 2 2 0.05 175 2.3
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values were increased by increasing the volume energy density. 
Although these values still are below the reference values for 
the Sintratec S1 with TPU using carbon black as an absorber 
(8 MPa tensile strength and elongations at break of over 400%), 
further optimizations of the dosage and dispersion of the silver 
nanoparticles and tuning the parameters of the machine most 
likely will improve the processing and quality of the parts in the 
future.

3. Conclusion

Plasmonic feedstock materials could facilitate the ability of the 
3D printing method of laser PBF to penetrate the market of 
desktop 3D printers. A colloidal additivation process was estab-
lished successfully to decorate commercial TPU powders with 
silver nanoparticles at the kg scale, followed by processing via 
PBF in the visible range with a 445 nm diode laser desktop 
machine. The silver nanoparticle TPU composite powder has 
a bright yellow color due to the SPR of the silver nanoparti-
cles. Supporting eiciency is found to be a function of col-
loid concentration and mixing time, and the process must 
be considered as two parallel processes, that is, 1) controlled 
destabilization of colloidal nanoparticles and  2) adsorption 

of nanoparticles or aggregates on polymer surfaces. Stirring 
conditions are very important for the time constant of sup-
porting of nanoparticles, which is of special interest for fur-
ther upscaling of our method. Under optimum conditions, the 
adsorption of nanoparticles on polymer surfaces dominates the 
aggregation of nanoparticles in the destabilized colloid. Since 
the deposition process follows irst-order kinetics, upscaling is 
facilitated, but a static mixer could be used for better control 
of the process during upscaling. Nanoparticles are well distrib-
uted on the surface of the TPU. Also, the optical properties of 
the plasmonic TPU powders strongly correlate with the disper-
sion quality and adsorption quantity of the nanoparticles on the 
surface of the polymer, which makes the analysis of the optical  
powder a powerful method for the rapid screening of para-
meters. The location of the nanoparticles on the surface is ben-
eicial for the local heating of the surface during diode laser 
PBF. The nanoparticles act as photothermal sensitizers and 
enable sintering with a diode laser close to the plasmon reso-
nance frequency of the silver nanoparticles. The nano-func-
tionalized TPU powders was processed in PBF with 2 J mm−3, 
and this led to parts with measurable mechanical properties. 
Note that only 0.01 vol% (100 ppm volume weighted) silver was 
required to allow PBF processability in the visible laser range, 
making it about 98% less expensive than the Au nanoparticles 

Figure 12. a) PBF-LB processed part density of the silver nanoparticle-additivated (0.1 wt%) TPU powders after diode laser PBF-LB in dependency of 
volume energy density. b) Stress–strain curves.

Figure 13. Mechanical properties of diode laser PBF-LB processed, nano-additivated TPU powders (0.1 wt% silver) in dependency of the volume energy 
density.
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that have been used to date. The investigations showed that 
the functionalized powder materials have suicient spreading 
behavior for the laser sintering process. The resulting prop-
erties of the component show good sintering with elonga-
tion at break of up to 200%, and they ofer extensive potential 
for further optimization. Overall, this study emphasizes the 
potential of colloidal additivation in terms of modifying the 
properties of optical powder with ultra-small amounts of 
highly dispersed nanoparticles. In the future, by ine tuning of 
the SPR position to 445 nm, for example, by using AgAu alloy 
nanoparticles,[42] higher absorption of the powder at speciic 
wavelengths could be accessible at small nanoparticle load-
ings, for example, Ag73Au27 alloys exhibit a shift of the SPR 
peak toward 425 nm, and, thus, they also exhibit a signiicantly 
higher absorption at 445 nm.[21] (More information is available 
in Figure S9, Supporting Information.) Since plasmonic nano-
particle composites also are known for their relevance in many 
diferent applications,[54] the colloidal additivation of polymer 
powders with silver nanoparticles also could lead to the direct 
functionalization of inal parts.

4. Experimental Section

Preparation of Nanoparticle-Functionalized Powders: For the additivation 
of the TPU powders (AM POLYMERS Rolaserit PB01), silver nanoparticles 
were generated by LSPC. A pulsed Nd:YAG laser (10 ns, 15 kHz) centered 
at 1064  nm was focused on a silver target (99.9%) mounted in a low 
chamber, through which deionized water with 100  µmol L−1 of sodium 
citrate was pumped at a low rate of 20  mL min−1. (See Figure S2, 
Supporting Information for more details.) Colloidal additivation of TPU 
was performed by pH-controlled mixing of the colloid in the presence of 
TPU microparticles. If not stated diferently, 0.1  wt% (0.01  vol%) silver 
nanoparticles (relative to TPU) at a polymer concentration of 50 g L−1 were 
mixed, and the pH of the mixture was adjusted to 2.7, followed by further 
stirring for 3 min. The pH values were varied by adding diferent amounts 
of hydrochloric acid. In addition, the nanoparticle concentration, mixing 
time, and nanoparticle load were varied to investigate the kinetics of the 
supporting process. After iltration, UV–vis absorbance spectroscopy 
of the permeates was performed to calculate the supporting eiciency, 
which is deined as the absorbance of the permeates divided by the initial 
absorbance of the colloid after LSPC.

Characterization of Nanoparticles and Functionalized Powder: 
Characterization of the particle sizes of the nanoparticle colloids was 
performed by analytical disc centrifugation and TEM before mixing the 
colloid with the TPU powder. Dried and sifted powders (<200 µm) were 
imaged by a SEM and sliced composite particles were imaged via TEM 
size analytics. The optical properties of the composite powders were 
analyzed by relectance spectroscopy to check the suitability for diode 
laser sintering at 445  nm. The composition of the polymer powder 
was investigated by XRF. Transition temperatures and energies were 
measured by DSC (Metler Toledo DSC3+) for which 2–5 mg of polymer 
powder were heated and cooled in an aluminum crucible at a heating 
and cooling rate of 10 K min−1 (lushing gas: argon at 20 mL min−1). The 
melting process was followed by microscopy for which the samples were 
heated and cooled at a rate of 10 K min−1.

The lowability of the nanoparticle-micropowder composite was 
optimized by adding diferent amounts (between 0.1 and 0.4  wt%) 
of the low aid, AM POLYMERS AC1. The bulk density was measured 
according to DIN EN ISO 60, and the Hausner factor was measured 
according to VDI 3405 sheet 1.1 norm. Flowability was tested using 
the Mercury Scientiic RPA. The RPA measurements were performed 
at 25 °C with a rotating speed of 10  rpm and a 100 mL volume of 
powder. Six measurements were conducted for each powder that was 
analyzed.

Laser 3D Printing of Functionalized Powder: 3D printing by PBF-LB 
processing were conducted on a Sintratec S1 printer emitting laser 
radiation at a wavelength of 445  nm. The thickness of the layer was 
chosen to be 100  µm, and the temperature of the powder bed was 
optimized to 94 °C. Two diferent test jobs were built while varying the 
parameter settings (Table 2), and test specimens for further testing were 
built.

Mechanical Testing of the Printed Parts: Tensile bars according to DIN 
53504 S2 were produced in the x-direction with three specimens each. 
The tensile tests were performed in compliance with DIN 53504 using a 
Zwick Z020 M evo (MultiXtense) and a testing speed of 200 mm min−1. 
The densities of the parts were measured for cubes using the Archimedes 
method according to DIN 1183 as well as by measuring the volume and 
weight using a micrometer gauge and an analytical balance according to 
VDI 3405 sheet 7 norm. The results for both measuring techniques were 
compared and discussed.

Supporting Information

Supporting Information is available from the Wiley Online Library or 
from the author.
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Abstract: Driven by the rapid development of additive manufacturing technologies and the trend

towards mass customization, the development of new feedstock materials has become a key aspect.

Additivation of the feedstock with nanoparticles is a possible route for tailoring the feedstock material

to the printing process and to modify the properties of the printed parts. This study demonstrates the

colloidal additivation of PA12 powder with laser-synthesized carbon nanoparticles at >95% yield,

focusing on the dispersion of the nanoparticles on the polymer microparticle surface at nanoparticle

loadings below 0.05 vol%. In addition to the descriptors “wt%” and “vol%”, the descriptor “surf%”

is discussed for characterizing the quantity and quality of nanoparticle loading based on scanning

electron microscopy. The functionalized powders are further characterized by confocal dark field

scattering, differential scanning calorimetry, powder rheology measurements (avalanche angle and

Hausner ratio), and regarding their processability in laser powder bed fusion (PBF-LB). We find that

heterogeneous nucleation is induced even at a nanoparticle loading of just 0.005 vol%. Finally, analysis

of the effect of low nanoparticle loadings on the final parts’ microstructure by polarization microscopy

shows a nanoparticle loading-dependent change of the dimensions of the lamellar microstructures

within the printed part.

Keywords: additive manufacturing; colloidal additivation; laser fragmentation in liquids;

Nanocomposites; 3D printing; selective laser sintering SLS; polyamide

1. Introduction

Additive manufacturing (AM) causes a transformation of design, manufacturing, and business

models [1]. However, the range of polymer materials available for AM on an industrial scale is limited.

In the field of powder bed fusion of polymers (PBF-LB/P, according to ISO/ASTM DIS 52900:2018),

the market is dominated by polyamide powders with a market share of ~90% [2]. Much effort is

spent on extending the range of materials in PBF-LB/P, and hereby also widen the range of potentials

applications [3–8]. One approach for tailoring the polymer powder properties is additivation with
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nanomaterials [9,10]. Carbon-based nanomaterials, such as carbon dots [11], tubes [12–14], fibers [15,16]

or graphene [17,18], are already known for their applicability in various fields [19–21] and can also

be used as fillers in polymer powders for PBF-LB/P [10,22]. They significantly affect PBF-LB/P

processing behavior in terms of light absorptivity adjustment for diode laser 3D printing [23–26],

modify the mechanical properties [24,25,27–30], and introduce new functionalities to the printed part,

e.g., electrical conductivity [23,31]. Nevertheless, the complex influence of nanofillers, related to

the nanoparticle–polymer interaction during rapid heating and slow cooling of the polymer in the

PBF-LB/P process, is yet not fully understood.

As nanoparticles act as nuclei during polymer crystallization and hereby strongly affect the

microstructure of the printed part, it can be expected that not only the mass loading of the nanofiller,

but also its dispersion (polymer surface coverage and particle size) significantly influence the powder

processability and part properties. For example, high filler loadings in the range of 4 wt% of carbon

nanoparticles can decrease the flexural modulus, caused by nanoparticle agglomeration [23]. On the

other hand, no effects on the melt flow and the polymer crystallization were observed for loadings in the

range of 0.1 wt% and low dispersion quality [30,32]. However, the degree of nanoparticle dispersion

is typically not investigated in detail. One exception is a study of Meyer and Zimmerman [33],

who highlighted the influence of oxide nanoparticle dispersion on the powder flowability. They found

that the dispersion affects the surface roughness of the microparticles and hereby the particle adhesion,

which governs the powder rheology in accordance with an earlier study by Rumpf [34]. Nevertheless,

the scarce literature makes it hard to systematically correlate the processing behavior and part properties

in PBF-LB to the nanoparticle dispersion. The variety of additivation methods aggravates this problem

since the dispersion quality is strongly related to the nanoparticle synthesis and polymer additivation

method [30,35,36], e.g., insufficient dispersion of aggregated gas phase-synthesized nanoparticles after

dry coating of polymer powder or enhanced dispersion after wet coating [37].

Therefore, our study focuses on the preparation method of the feedstock material, starting

with the preparation of a highly dispersed carbon colloid by laser synthesis and processing of

colloids (LSPC) [38]. LSPC has become an established approach for the formation of metal and metal

oxide nanoparticles [39] and was also reported by several researchers for the preparation of carbon

colloids [40–46]. In the next step, a colloidal additivation process is used to adsorb the as-prepared

laser-generated carbon nanoparticles on PA12 microparticles, directly in an aqueous dispersion.

Besides a deep characterization of the nanoparticle dispersion on the polymer particle surface, we focus

on investigating the heterogeneous nucleation effect caused by the nanoparticles in the polymer matrix

during resolidification. Our study aims at an understanding of the influence of carbon nanoparticles

especially at small nanoparticle loadings (<0.1 wt%), which are already high enough to have a high

potential for influencing the polymer microstructure and the mechanical properties of the final part.

2. Materials and Methods

2.1. Colloidal Surface Additivation

The process chain for colloidal surface additivation of a polyamide 12 powder (EVONIK

VESTOSINT 1115, Evonik Industries, Essen, Germany) is depicted in Figure 1. In a first step, 50 mg/L

carbon nanoparticles (CARBON BLACK, Orion Engineered Carbons, Senningerberg, Luxemburg) is

dispersed in water by ultrasonication (Hielscher, Ultrasonics, Teltow, Germany, UP200S, 200 W and

24 kHz, alternating between on and off for 0.5 s each), directly followed by laser irradiation through

a cylindrical lense with a 3 ps laser system operating at 515 nm (Amphos 500flex, Herzogenrath,

Germany, 5 MHz, 170 W, max. 36 mJ/cm2
, 34 µJ/pulse, 0.094 mm2 spot size) or with a 10 ps laser

system operating at 532 nm and much higher fluence (Edgewave PX400-3-GH, Edgewave PX400-3-GH,

Würselen, Germany, 80 kHz, 30 W 150 mJ/cm2, 375 µJ/pulse, 0.25 mm2 spot size). A liquid jet set-up

with a flow rate of 60 mL/min and a liquid jet diameter of 1.3 mm was utilized for laser postprocessing

(LPP) [47,48]. At the given spot size and repetition rate of the laser system, this leads to multiple laser
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pulses per volume element [49]. The applied fluence can be tuned by varying the distance between

the cylindrical lens and the liquid jet so that the mass-specific energy dose can be tuned by repeating

the irradiation cycle several times, which is referred to as “number of passages”. Due to self-focusing

effects in the round couture of the liquid jet, approximately 12% of the liquid jet is unirradiated [50].

To ensure that >99% of the particles are illuminated, at least three passages are necessary. However, the

net throughput decreases with the increasing number of passages. Therefore, only one passage was

applied to the colloids in the following experiments if not stated otherwise. Hereby, 180 mg in 3.6 L

of colloid can be processed per hour. After the last passage, the irradiated colloid is either analyzed

via UV–Vis absorbance spectroscopy (Thermo Scientific Evolution 201, Waltham, MA, USA, 1 nm

bandwidth, 0.8 nm resolution), dynamic light scattering (DLS, PSS-Nicomb 380 ZLS, Entegris, Billerica,

MA, USA), or dried to perform transmission electron microscopy (TEM, Zeiss EM 910, Oberkochen,

Germany), Raman spectroscopy (Renishaw InVia, Wotton-under-Edge, UK), and Fourier-transform

infrared spectroscopy (FTIR, JASCO FT/IR-430, Easton, MD, USA). SEM and TEM samples were

prepared by dripping 20 µL of the nanoparticle dispersion on a TEM grid or an SEM specimen mount,

followed by drying for one day. To perform colloidal additivation, the colloid is directly mixed with an

aqueous suspension of PA12 powder (50 g/L) under constant stirring. After irradiation, the mixture

is stirred for 5 min to ensure complete supporting. The typical mass load for additivation ranged

between 0.01 and 0.1 wt% (equivalent to 0.005 vol%–0.05 vol%). The concentration of 50 g/L was

chosen to ensure efficient colloidal additivation. Subsequently, the mixture is filtered, dried at 50 ◦C

for 24 h, and sifted with a 125 µm sieve before powder analysis. The educt colloids as well as the

permeates after filtration were analyzed by UV–Vis absorbance spectroscopy to calculate the residual

carbon nanoparticles in the permeate and the supporting efficiency, defined as

Supporting e f f iciency =
Abs600 (Educt) −Abs600 (Permeate)

Abs600 (Educt)
100% (1)
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Figure 1. Process chain for colloidal additivation of PA12 micropowder with carbon nanoparticles:

(a) Dispersion of aggregated carbon nanoparticle powder in water by ultrasonication. (b) Laser

postprocessing (LPP) with a high power, high repletion rate laser, focused on the nanoparticle

dispersion in a liquid jet. (c) Cixing of the irradiated colloid with the polymer powder and adsorption of

nanoparticles on the polymer particles. (d) Filtration, drying, and sifting to yield dry nanofunctionalized

PA12 powder.
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2.2. Polymer Powder Analysis

The distribution of nanoparticles on the surface of the polymer particles is investigated by laser

scanning confocal dark-field imaging (Leica TCS SP8, Leica Microsystems, Wetzlar, Germany) and

scanning electron microscopy (SEM, ESEM Quanta 400 FEG, ThermoFisher Scientific, Waltham, MA,

USA). Hausner ratio measurements were conducted according to VDI 3405 Part 1.1. The tapped

volume has been determined manually with a 100 mL plastic cylinder for 5 times for statistical

evaluation. The dynamic flow properties of powders were estimated by using a rotating drum analyzer

(Revolution Powder Analyzer, Mercury Scientific, Newtown, CT, USA), which is known for good

correlation with PBF-LB/P processing conditions due to the evaluation of particle cohesiveness during

flow under elevated temperatures [8,51,52]. Avalanche angles were measured at 20 ◦C and 100 ◦C

and a rotating speed of 10 rpm with a sample quantity of 100.0 ± 0.5 mL. Measurements of 150

avalanches were averaged for each sample. The dynamic image analysis (ISO 13322-2) of the PA12

powder compositions was conducted via the Camsizer X2 (Microtrac RETSCH, Haan, Germany)

with compressed air of 50 kPa through the X-Jet extension to get rid of possible agglomerations.

The amounts of analyzed powder per run were a few grams, which equals to around 500,000 detectable

particles. The range of detection of this machine is between 0.8 µm and 8 mm, with a resolution of up

to 0.8 µm/pixel. The number-weighted and volume-weighted distributions were directly calculated by

the device and are based on the projected area of a sphere. The procedure has been repeated 3 times

for statistical analysis.

2.3. Differential Scanning Calorimetry (DSC)

The PA12 powders and their composites were analyzed non-isothermally with a DSC 822e (Mettler

Toledo, Columbus, OH, USA) under a nitrogen purge of 40 mL/min. The machine has a temperature

accuracy of ±0.2 ◦C, reproducibility of ±0.1 ◦C, and a resolution of 0.04 µW. Powder samples of 12 mg

were placed in 40 µL aluminum pans with covers. The measurements were performed from 25 ◦C

to 250 ◦C with a heating rate of 20 K/min. At 80 ◦C, the powders were held for 3 min to ensure the

same starting conditions for every powder sample. At 250 ◦C, the samples were held again for 3 min

to fully melt all residual crystals and to assure a thermal equilibrium. Afterward, the samples were

cooled down to 80 ◦C with a cooling rate of 10 K/min, held for 3 min, and heated up to 250 ◦C with

10 K/min. Thus, an analysis of the crystallization behavior and the melting behavior of previously

emerged crystals as well as the sample’s crystallinity were possible. For statistical evaluation, each

powder composition was analyzed 3 times, leading to a total of 9 samples. The evaluation of the results

was performed with the Mettler Toledo STARe Evaluation Software 16.10. For the calculation of the

relevant enthalpies, an integral tangential baseline was used.

2.4. Microscopic Analysis

After cooling down the DSC samples at a rate of 10 K/min, the crystalline structures were analyzed

through transmitted light as well as reflected light for bright field illumination by the microscope

Metalloplan from Leitz (Leica Microsystems, Wetzlar, Germany) with a magnification of 400 and 256,

respectively. For this, the samples were sliced to 10 µm specimens with a microtome and embedded

in oil on microscope slides. With the use of two polarizers, the birefringence of the crystals was

made visible. The evaluation of the aspect ratio of the crystal forms has been performed manually by

measuring the longest to shortest dimension of at least 20 crystalline structures of 3–5 DSC slices per

sample, with a value of 1 being equivalent to a circle.

3. Results and Discussion

3.1. Preparation of Carbon Nanoparticles by Laser Synthesis

Ps-laser irradiation with a high repetition rate laser system (3 ps, 5 MHz, max. 36 mJ/cm2)

significantly decreases the hydrodynamic diameter of carbon nanoparticles, which is confirmed by
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DLS measurements (Figure 2a). The higher the fluence, the smaller the nanoparticle size (Figure 2b).

The best results were found for a fluence of 36 mJ/cm2, leading to a hydrodynamic particle size

reduction from 157 nm to 36 nm. A similar trend can be found for the zeta potential, which decreases

from −40 to −60 mV through irradiation (Figure 2c). This effect indicates a higher surface charge of

the irradiated particles and has also been reported for laser irradiation of other materials, such as

gold [53,54]. In accordance with the literature, the isoelectric point (IEP, Figure 2d) lies between pH

values of 3.5 to 4 [55,56] and slightly shifts from 4.1 pH before LPP is to 3.3 pH through laser irradiation.

Although the high absolute zeta potential value of more than 30 mV nominally indicates good colloidal

stability, colloids exhibit only short time stability and show high activity for aggregation. This happens

within minutes after laser irradiation (Figure 2d), indicated by hydrodynamic particles diameters in

the range of a few hundreds of nm. However, the short time stability was high enough for reliable

DLS and zeta potential measurements. In order to further reduce the size of the nanoparticles, another

laser system with a higher fluence was utilized (10 ps, 80 kHz, 150 mJ/cm2). The synthesized colloid

also showed very weak colloidal stability and aggregation within minutes. In both cases, the weak

colloidal stability could be explained by the successful disaggregation and fragmentation of carbon

nanoparticles. The smaller the nanoparticles at a given concentration, the smaller the volumetric

interparticle distance, and the higher the probability for aggregation (which scales with the square root

of particle number concentration).

 

− −

 

Figure 2. Laser postprocessing of carbon black with a high repetition rate laser system:

(a,b) Hydrodynamic nanoparticle diameter (mass weighted) measured by dynamic light scattering

(DLS) as a function of laser fluence. (c) Zeta potential as a function of the pH value of the dispersion

before and after LPP. (d) Temporal evolution of the hydrodynamic particle size after laser irradiation.

The error bars in panels (b,c) represent the standard deviation and are based on at least 3 samples each.
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TEM images (Figure 3) confirm pronounced disaggregation for the low fluence laser system

(Figure 3b) compared to the educt particles (Figure 3a), whereas the high fluence laser system also

results in fragmentation of the primary particles (Figure 3c) and appearance of strongly aggregated

nanoparticles in the sub-10 nm scale (inset of Figure 3c). Laser synthesis is known to produce such

small nanoparticles with a size below 10 nm [40–46]. Due to the high instability of the aqueous colloid

and the fast aggregation after LPP, statistical evaluation of particle size and degree of dispersion

based on TEM images is not meaningful as the TEM grid does not represent the degree of dispersion

and the aggregate size right after laser irradiation, but the size after preparation of the TEM grid

and drying of the colloid. Note that particle ripening and aggregation is much faster than drying of

the colloid on the TEM grid. Despite the fraction of small particles, which is likely to dominate the

number-weighted particle size distribution, a significant fraction of the educt volume material remains

unchanged by laser irradiation. This is indicated by larger educt particles and aggregates on the TEM

grid. In agreement with this observation, a volume-sensitive Raman shift analysis (Figure 4) does not

reveal any significant changes of the ratio of the relevant peaks at 1590 cm−1 (G-Band) and 1350 cm−1

(D-Band), which result from the sp2-hybridization of planar carbon (graphite) and defect structure

in the graphite, respectively. The investigation of the carbon particle’s surface by Fourier-transform

infrared spectroscopy (Figure 4b) reveals the presence of C=C, C-H, C–O, and O–H bonds in the

material before and after irradiation [57]. The preservation of the chemical surface groups composition

after laser irradiation is associated to the employment of water as solvent, therefore no other element

apart from C, H, and O are expected even after irradiation. A closer look to the spectra reveals slight

differences after laser irradiation, as a higher absorption of the C–O peak at 1060 cm−1 and the C–H

peaks at 2860 cm−1 and 1470 cm−1. This fact indicates the increased presence of C–OH and CH2

surface groups, which can be explained due to the higher surface area after particle size reduction and

the generation of molecular O and H based radicals or molecules from water splitting during laser

irradiation [58].

 

  −

  −

−

− −

Figure 3. TEM analysis of (a) the raw carbon nanoparticles dispersed in water by ultrasonication and

(b,c) colloids produced by irradiation with (b) a low fluence (36 mJ/cm2) and (c) a high fluence laser

system (150 mJ/cm2). LPP with a high fluence laser system results in many small particles, but the

colloid is more unstable against aggregation than at low fluence.
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Figure 4. (a) Representative spectra from samples analyzed by Raman spectroscopy (3 measurements

each), showing the two relevant peaks at 1590 cm−1 (G-Band) and 1350 cm−1 (D-Band) for carbon

nanoparticles before and after irradiation with the highest fluence (10 ps, 150 mJ/cm2). (b) Fourier

transform infrared spectroscopy (FTIR) spectra of the as-received and laser-irradiated carbon black,

where the surface bonds identified by the absorption peaks are marked with a dotted line. In both

cases the spectra displayed represent carbon nanoparticles before and after irradiation with the highest

fluence (10 ps, 150 mJ/cm2).

3.2. Nanoparticle Dispersion on PA12 Microparticle Surface

After irradiation of the nanoparticles, a fast aggregation of the carbon nanoparticles within

minutes can be observed. However, if a support (PA12 powder) is provided under constant stirring

during this phase, efficient and fast adsorption of nanoparticles on the support occurs in less than

one minute. As we know from a previous study for nanoparticle adsorption on a polymer surface,

constant stirring is an important factor once the colloid is instable and starts to aggregate [59]. A good

mixture reduces the necessary diffusion distance between a nanoparticle and the polymer surface.

The supporting efficiency of the nanoparticles on the polymer microparticles determined by UV–Vis

absorbance spectroscopy of the permeate is larger than 95%, independent of the used laser for laser

synthesis. Permeates show a clear color and powders exhibit a black or grey color depending on the

mass load of carbon nanoparticles. As the nanoparticles completely adsorb on the polymer powder in

less than one minute under constant stirring (supporting efficiency > 95%), nanoparticle adsorption is

likely to dominate aggregation.

Laser scanning confocal microscopy of the decorated polymer particles reveals a homogeneous

distribution of nanoparticles (Figure 5). It is a reference method adapted from Blaesser/Million et al. [60]

and Klein et al. [61], which has also shown its potential for analyzing the distribution of fillers in

polymer matrixes [62,63]. The bright-field images of the additivated and unadditivated powders

look similar (Figure 5, upper row), but confocal dark-field imaging reveals much higher scattering

intensity for 0.05 vol% compared to 0.005 vol%, whereas only minor scattering can be observed for the

unloaded polymer powder. However, even the scattering signal from 0.005 vol% is high enough to

clearly distinguish the additivated from unadditivated polymer particles.
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Figure 5. Representative confocal bright field images and laser scanning dark field images of pure

PA12 and PA12 colloidal additivated with 0.005 and 0.05 vol% of laser irradiated carbon nanoparticles,

respectively. For dark-field imaging, the sample was excited at a wavelength of 500 nm and the

detection wavelength was set to 507–587 nm.

SEM images confirm the homogeneous distribution and high dispersion of the nanoparticles on

the polymer particle surface (Figure 6a–c). As expected from the colloidal analysis, small aggregates

appear. The effect of dispersion and nanoparticle size on the surface coverage on the polymer particle

surface is described in the scaling graphs in Figure 6d,e. Reducing the particle size by one magnitude,

e.g., from 500 nm to 50 nm, also results in an increase of theoretical surface coverage by one magnitude.

This is shown exemplarily in the scaling graphs in Figure 6d,e. If the particle size is dropping further

to 10 nm, even 0.01 vol% of carbon nanoparticles would be enough to completely cover the polymer

particles with 10 surf%. Therefore, the surface coverage could be an interesting parameter to quantify

the dispersion quality and quantity, instead of just using wt% to describe the nanoparticle loading.

However, for practical usage it is difficult to use this value, due to the limited resolution of SEM imaging

of carbon nanoparticles on a polymer surface. This can be explained by the low contrast between

nanoparticle and polymer. Especially, ultra-small carbon nanoparticles in the sub-10 nm-scale, which

are generated during LPP, cannot be resolved. Eventually, the primary particle diameter cannot be

determined exactly. In addition, surf% was also calculated from the polymer particle size distributions,

neglecting any surface porosity of the polymer particles. Especially, the letter will highly influence a

calculation of the surface coverage. However, the general scaling graphs in Figure 6d,e outline the

importance of high dispersion and small nanoparticle sizes in order to reach a high surface coverage at

small nanoparticle loadings.
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Figure 6. (a) SEM images of PA12 particles (a) before and (b) after colloidal additivation with 0.005 vol%

(0.01 wt%) of carbon nanoparticles (LPP at highest fluence). (c) Zoom in shows the homogeneous

distribution of carbon nanoparticles on the surface of the polymer microparticle. (d,e) Scaling graphs

illustrating the connection between vol%, wt%, and surface coverage (surf%) for different nanoparticles

sizes on PA12 polymer powder (The specific surface area of PA12 was 0.114 m2/g, calculated from

the particle size distribution, assuming spherical particles.). The dotted lines give an example of

downsizing of the nanoparticle diameter and its effect on the theoretical surface coverage.

Although the high activity of the colloids for aggregation is a drawback for particle size analysis

of the colloids, this property can be utilized to vary the dispersion of the nanoparticles on the polymer

surface by variation of agglomeration after LPP. Our experimental set-up allows mixing the carbon

nanoparticles with the polymer microparticles directly after laser irradiation or after a specific residence

time. The hydrodynamic diameter (Figure 7a) shows a linear dependence on the waiting time between

sample preparation and measurement (residence time). Comparing a direct measurement and a

measurement after 30 min reveals a mean difference of more than 100 nm, which is an increase

in hydrodynamic particle size of more than 200%. This reproducible effect is also reflected in the

Feret diameter of the adsorbed particles and aggregates on the polymer surface (Figure 7b), and the

polydispersity index (PDI; Figure 7c). The Feret diameter shifts from 25 to 80 nm, whereas the PDI

increases from below 0.3 (monodisperse < 0.3) to ~0.4 after a residence time of 30 min. Please note that

these measurements were just conducted once for each data point, since all SEM images needed to

be analyzed manually. In addition, as mentioned before, SEM imaging of carbon nanoparticles on

polymer is limited in its resolution due to low contrast between nanoparticle and polymer surface,

especially on the sub-10 nm-scale. However, samples can be compared to each other, and the results in

Figure 7a–c show clear tendency.
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Figure 7. Comparison of (a) the hydrodynamic diameter after LPP with (b) the achieved Feretmax

diameters (primary particle diameter) of carbon nanoparticles on the polymer particle surface;

(c) the corresponding polydispersity index (PDI) of carbon nanoparticles on the polymer particle

surface at 0.005 vol%. SEM image of the PA12 particle surfaces after (d,g) colloidal additivation.

(e,h) Corresponding number-weighted Feretmax size distribution of carbon nanoparticles on the surface

of PA12 particles and (f,i) interparticle distance distribution. For the comparison of particle size and

interparticle distance, several images were taken for each sample at the same resolution. Nanoparticles

and distances were analyzed for at ~1000 nanoparticles, e.g., N=1082 in panel (e) and N=908 in panel

(h).

Our presented set-up allows a flexible additivation of polymer micropowders via the liquid-flow

LPP and colloidal downstream supporting process. At a throughput of 180 mg of carbon nanoparticles

per hour, equivalent to 3.6 L of colloid, it is capable to additivate 1.8 kg/h of polymer powder at a

loading of 0.005 vol%, which is a sufficient amount for powder production to allow PBF-LB/P parameter

studies and 3D printing of test structures. Equipped with a static mixer instead of a stirred tank reactor,

this approach has an even higher potential for fully automated, continuous colloidal additivation.

3.3. PA12 Powder Characteristics

To ensure the processability of the nanoparticle–polymer composite powder in terms of powder

recoating/spreading during PBF-LB/P, colloidal additivation should not worsen the morphology and

geometry of the base particles, preserving the extraordinary flowability of the base powder material.

Therefore, particle size distribution before and after colloidal additivation is analyzed. The addition of

0.05 and 0.005 vol% carbon nanoparticles (CB) does not show significant differences (n.s.; P > 0.05)

in the x10,3, x50,3 and x90,3 of volume-weighted distribution (Figure 8a). Furthermore, all particle size
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distributions are located within the desired average particle size of 10 and 120 µm for PBF-LB/P [64].

Minor changes of particle size distribution are only significant for the number-weighted distribution.

However, the total impact is rather minimal and should not negatively influence the flowability of

the powders. This hypothesis could be validated by measuring the Hausner ratio (HR). Here, the

additivation of small amounts of CB does not significantly (n.s.; P > 0.05) affect the good flowability

(< 1.25) of the base powder (Figure 8b), which shows a Hausner ratio similar to typical PA12 powders

used for PBF-LB/P [65]. This is also confirmed by dynamic flow properties, characterized by the

unchanged avalanche angle (Figure 8c).
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Figure 8. (a) Polymer microparticle size distribution, (b) Hausner ratio, and (c) avalanche angle before

and after colloidal additivation for 3 samples each. Particle sizes are based on the projected area of a

sphere xarea. The significance analysis shows no significant differences (n.s.) through the addition of

different amounts of CB.

3.4. Analysis of the Crystallization Behavior

Particles of nanoscale dimensions can significantly influence the melting enthalpy and act as

heterogeneous nucleation seeds, increasing the crystallization temperature and initiating crystal growth

during cooling [66–68]. Even small amounts (0.005 vol%) of CB induce a change of the crystallization,

and subsequent melting behavior as shown in the DSC analysis (Figure 9a,b). The crystallization

onset, peak, and endset temperatures shift significantly (****; P ≤ 0.0001) to 3 ◦C higher temperature

values (Figure 9c). The addition of 0.05 vol% CB increases the onset and the peak temperature even

further (+5 ◦C) compared to the base material. Based on these thermal results, CB seem to act as

heterogeneous nucleation seeds already at a minute amount of nanoadditive. By subsequently heating

the DSC samples, the melting behavior of the crystalline structures can be analyzed (Figure 9b,d).

The addition of CB leads to an increase in the heat of fusion ∆Hm at ~172 ◦C (Figure 10), displayed

by a larger peak area (Figure 10b), which indicates an increasing number of thinner lamellar crystalline

structures [69]. From the heat of fusion, the crystallinity Xc of the samples was calculated according to

Equation (2) [70,71]:

Xc =
∆Hm

∆H100·

(

1−w f

) =
∆Hm

209.3
J
g ·

(

1−w f

) (2)

where the enthalpy of fusion of a 100% crystalline PA12 crystal ∆H100 is given in the literature [72],

and w f is the weight percentage of the nanofiller in the composite. At higher amounts of CB (0.05 vol%),

the overall heat of fusion shows a significant (**; p ≤ 0.01) decrease compared to the base material,

while the crystallinity increases significantly (***; p ≤ 0.001) (Figure 10b). Based on these measurements,

higher amounts of CB seem to promote the crystal growth at a cooling rate of 10 K/min. This correlates

with the fact that more CB lead to more nucleation sites, increasing the amount of crystalline structures.
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Figure 9. DSC analysis of PA12 powder before and after colloidal additivation with the laser-generated

carbon nanoparticles: (a) 1st crystallization and (b) 2nd heating curves, based on the average of 3 runs.

(c,d) Extracted onset, peak, and endset temperatures with corresponding error bars. The analysis of

statistical significance either shows no significant difference (n.s.; p > 0.05) or a significant difference,

where the p-values decrease with the increasing number of asterisks.

 

≤ ≤

Figure 10. (a) Exemplary determination of the heat of fusion of both peak areas from the DSC second

heating curve and (b) heat of fusion and crystallinity of PA12 and its composites after colloidal

additivation calculated from the DSC data. No significant changes are visualized with n.s. (p > 0.05)

and significant differences with asterisks ** (p ≤ 0.01) and *** (p ≤ 0.001).
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For a more detailed analysis of the nucleation effects of CB, an evaluation of the area underneath

the two peaks of the heat of fusion curve of Figure 9b was conducted in Figure 10a. The deconvolution

of two Gaussian curves (R2 > 0.97) shows that the left area increases with increasing amounts of CB

from 18.10 to 21.38 and finally to 22.57 J/g, while the right area sank from 16.18 to 13.57 and finally to

11.01 J/g, accordingly. This leads to the conclusion that the addition of CB increases the amount of

thinner lamellar crystals while decreasing the amount of thicker crystalline structures [69]. Further

proof for different crystal dimensions can come from polarization microscopy imaging of sliced DSC

samples. Pure PA12 samples show the typical spherulite structures of a Maltese cross (Figure 11a) with

an aspect ratio of 1.04 ± 0.04. The origin of these crystals is located in their center. The addition of

0.005 vol% CB leads to different crystalline structures instead. Some of the typical round spherulite

structures are replaced by oval shapes at 0.005 vol% CB (Figure 11b) with an aspect ratio of 1.48 ± 0.38.

This phenomenon becomes further evident when increasing the amount of CB to 0.05 vol% and thereby

the density of the carbon nanoparticles on the polymer matrix. In this case, oval structures dominate

the crystalline areas in the sample (Figure 11c), resulting in an even higher aspect ratio of 1.71 ± 0.35

(Figure 11d). The transition point between solely spherulites and only oval lamellar structures seems

to lie between 0.005 and 0.05 vol% CB in PA12.

 

 

Figure 11. (a–c) Polarization microscopy images of PA12 with different carbon nanoparticles loading,

showing representative crystalline structures of different dimensions. (d) Corresponding aspect ratio

of observed crystalline shapes at different carbon nanoparticles loadings. (e–g) Bright-field images

of PA12 with carbon nanoparticles, depicted as black dots. Samples were analyzed after sizing to

10 µm films.

An explanation for the change of crystal structure could lie in the nanoparticle dispersion within

the polymer matrix. Incident bright-field images of the sample slices are shown in Figure 11e–g.

Increasing the amount of CB to 0.05 vol% clearly shows the CB distribution throughout the polymer

matrix. The CB, which were initially adhered to the surface of the powder particles, are distributed

on former polymer powder particle surface, creating a superstructure on the former surface of the

polymer particles, visible as chain formation in the sliced samples. As a result, spherulites which

originate on these nucleation seeds show highly anisotropic growth. This transition in crystal structures

could have an effect on mechanical properties of final parts and should be examined in future studies.

To prove that PA12 powders additivated with 0.005 vol% of colloidal nanoparticles can be processed on

a PBF-LB/P machine, a test sample of 10 layers was successfully printed on an EOSINT P385 (150 µm

layers, 13 × 13 mm2) (Figure 12), indicating high potential for generating test structures of refined

parameters for an optimal layer bonding in follow-up studies on the influence of a very low carbon

nanoparticle dose on the microstructure and properties of printed polymer parts.



Materials 2020, 13, 3312 14 of 18

 

 

 

Figure 12. Test sample generated by PBF-LB/P of PA12 powder additivated with 0.005 vol%

carbon nanoparticles.

4. Conclusions

Carbon nanoadditives are often applied at high weight doses in polymer feedstock powder

for PBF-LB/P. This limits the dispersion and decreases the number of nuclei for heterogeneous

nucleation of the polymer. Alternatively to chemical ligands as dispersion aids, which might hinder

the polymer–nanoparticle bonding significantly, lower additive doses could be applied in case a good

dispersion on the polymer surface is achieved. Hence, the influence of the degree of nanoparticle

dispersion is an important aspect for the application of nanofunctionalized polymer powders in

PBF-LB/P. By colloidal additivation of PA12 with carbon nanoparticles in an aqueous dispersion at

comparable small loadings, we were able to coat the polymer particles with a homogenous layer

of carbon nanoparticles. Colloidal nanoparticles were dispersed and fragmented in water by laser

postprocessing (LPP), prior to colloidal additivation. Our experiments reveal that the dispersion of

the carbon nanoparticles on the polymer surface can be tailored by the waiting time between sample

preparation and measurement (residence time). If direct mixing was performed immediately after

laser irradiation, the nanofunctionalized PA12 shows a high carbon nanoparticle dispersion on its

surface with a polydispersity index PDI < 0.3.

As-prepared feedstock materials trigger heterogeneous nucleation effects even at just 0.005 vol%

of carbon nanoparticles, underlining the value of high dispersion. Through their high surface

coverage (surf%) and their small interparticle distances of 50–100 nm, the carbon nanoparticles form

a superstructure after melting the polymer matrix. Hereby, they affect the lamellar dimensions of

the crystalline structures. The form of the crystals changes from typical round spherulites to oval

lamellar structures with the addition of more carbon nanoparticles. Exemplary PBF-LB/P experiments

show that the modified PA12 powder with 0.005 vol% CB can be processed like the raw PA12 powder.

A deeper understanding of nanoparticle influence on polymer crystallization at small nanoparticle

doses will facilitate a precise modification of the microstructure and could have significant effects on

the mechanical properties of printed parts.
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7 Application potential of 3D printed 

functionalized parts 

AM provides designers with increased macroscopic design freedom through 3D CAD and a 

layer-by-layer manufacturing approach, which allow for complex geometries ranging from 

biomedical applications to bionic lightweight construction [65–67]. Beyond this, 

nanomaterial additivation of feedstock material adds the dimension of microscopic design 

freedom (Figure 13) [16,17]. As highlighted in the previous chapters, scalable colloidal 

additivation of polymer powders enables the generation of nanoparticle-functionalized 

feedstock material with outstanding dispersion, which could influence the processing 

Figure 13: Design freedom in AM: (a) schematic illustration of a bionic 3D structure made from a powder

feedstock that illustrates the macroscopic design freedom through 3D CAD and AM. (b) Nanoparticle-

additivation of the feedstock material, adding microscopic design freedom (e.g. microstructure, crystallinity,

porosity) and introducing new functionality (e.g. anti-bacterial, magnetical, plasmonic properties). The SEM

image in (b) shows an exemplary PA12 particle decorated with silver nanoparticles.  
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behavior and could alter polymer microstructure after resolidification. In addition, the wide 

variety of materials, nanoparticle sizes, and phase compositions from which nanoparticles 

can be generated by laser-synthesis enables a further extension of applications.  

Chapter 7.1 provides an example of the material class of magnetical functionalized polymers, 

which has attracted increasing attention over the last several years caused by 4D printing 

[39,45], active shape-changing structures [44,260,273], and printed parts with specific 

magnetic field distributions [43,274–276]. Magnetic functionalization of PA12 through 

colloidal additivation with iron oxide nanoparticles generated by LPP emphasizes the 

flexibility and transferability of the colloidal additivation approach to oxide nanoparticles 

(Chapter 7.1 ). Furthermore, this study investigates the robustness of magnetic performance 

and structural properties of the nanoparticle-functionalized feedstock materials along the 

process chain. 

Due to their intrinsic material characteristics, laser generated nanoparticles could also 

enable novel applications with plasmonic and medical devices, where the dispersion of the 

nanomaterial is a crucial parameter that strongly influences the functionality of the part. 

For example, aggregation of plasmonic nanoparticles causes a shift of plasmon frequency 

and intensity. Therefore, Chapter 7.2 focuses on tunable plasmonic properties of gold-silver 

alloy nanoparticles and shows promising results for anti-bacterial applications of printed 

parts made from silver nanoparticle-functionalized feedstock materials that were successfully 

printed by PBF-LB.  
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7.1  Magnetic functionalization 

 

3D Printing of Magnetic Parts by Laser Powder Bed Fusion of Iron 

Oxide Nanoparticle Functionalized Polyamide Powders 

 

Reproduced from Journal of Materials Chemistry C 8, 12204-12217 (2020) with permission 

from the Royal Society of Chemistry 

 

Highlights: 

 Laser fragmentation of γ-Fe2O3 suspension with 355 nm Nd:YAG laser leads to 

monomodal size distribution of superparamagnetic iron oxide nanoparticles 

 Mössbauer spectroscopy confirms reduction of approx. 25 % of the γ-Fe2O3 educt 

material to Fe3O4, caused by laser irradiation 

 Production of a magnetic feedstock material by colloidal additivation of PA12 

powder with synthesized iron oxide particles, processable by PBF-LB 

 Nanoparticle size as well as magnetical and structural properties of laser irradiated 

iron oxide are transferred from the colloid to the feedstock material and the printed 

part 

Appendix:  

 Comparison of ns- and ps-LPP of iron oxide (A11) 
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The development of new feedstock materials is a central prerequisite for advances in Additive

Manufacturing (AM). To increase the breadth of potential applications for 3D and 4D printing of

polymers, micro- and nano-additives incorporated into the feedstock material play an important role.

In this context, magnetic materials are of great interest. Our study describes a way to fabricate polymer

powders for laser powder bed fusion (PBF-LB) with a homogeneous, well-dispersed coating of iron

oxide nanoparticles. Without the addition of chemical precursors, spherical superparamagnetic FeOx

nanoparticles with monomodal size distribution below 10 nm are generated from FeOx micropowder by

laser fragmentation in liquid. The adsorption of the nanoparticles on polyamide (PA12) powder is

conducted directly in an aqueous dispersion after laser fragmentation, followed by drying, powder

analysis and PBF-LB processing. Via Mössbauer spectroscopy and magnetometry, we determined that

the saturation magnetization and structure of the iron oxide nanoparticles were not influenced by

PBF-LB processing, and the magnetic properties were successfully transferred to the final 3D-printed

magnetic part.

1. Introduction

Iron oxide (FeOx) nanoparticles are known for their wide range

of applications, such as in vitro diagnostics via magnetic

resonance imaging,1 magnetic hyperthermia in cancer therapy

by magnetic heating,2–4 catalysis5,6 and targeted drug delivery.1

FeOx nanoparticles can also be incorporated into polymer

matrices that can be processed to manufacture scaffolds for

advanced bone tissue engineering.7 New applications arise

from the field of 3D printing (Additive Manufacturing, AM) where

mass customization and industrialization result in fast growth

rates and the need for material variety.8,9 Nano-functionalized

magnetic materials can provide increased variety and represent a

key towards new applications in 3D printing. FeOx nanoparticles,

for example, can be used for 3D printing of magnetic actuators for

lab on a chip applications10 or force sensors.11 Further, they can

be used to produce 4D active shape-changing structures12,13 made

by 3D printing of magnetic polymers. An external magnetic field is

then used to trigger a change in the structure’s shape over time

(i.e. 4th dimension).14–16 This approach has high potential in

creating flexible robotics and biomedical devices. For permanent

magnetic objects, AM provides the opportunity to manufacture a

magnetic 3D object based on a calculated structure that fulfills

specific magnetic properties, such as a specific magnetic field

distribution.17–20

Typically, polymer materials for AM are magnetically func-

tionalized by dispersing the nanomaterial in a polymer matrix

and using it for well-established extrusion-based AM.13,21–23

Löwa et al. also reported a magnetically functionalized resin

for AM by photopolymerization to manufacture phantoms for

magnetic particle imaging.24 Another widely used AM techni-

que for industrial applications is laser powder bed fusion

(PBF-LB) of polymers.25,26 Typically, mechanical, optical, or

electrical functionalization of powders for PBF-LB by nano-

materials often leads to aggregation of the nano-additive.27–29

A potential solution to this problem is the utilization of a
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colloidal additivation route that typically leads to increased

dispersion of nanoparticles on the polymer powder surface.30–32

In this method, nanoparticles are synthesized in a one-step

process via laser synthesis and processing of colloids (LSPC)

without the use of surfactants and chemical precursors.33

Thereafter, adsorption of the colloidal particles on polymer

microparticles takes place by mixing colloidal nanoparticles

and the polymer powder directly in aqueous solution and

controlling their electrostatic interaction and colloidal stability.31

The filtered and dried nanoparticle functionalized powder can

then be used in PBF-LB. Besides the high dispersion of nano-

particles achieved by this process, LSPC also offers high flexi-

bility regarding the nanomaterial, since it offers a broad span of

processable materials and liquids.34 Control of particle size35–37

and particle composition38–40 are strengths of LSPC, broadening

different application areas, such as catalysis41,42 or bio-

medicine.43 Oxide nanoparticle synthesis by LSCP has recently

been reviewed, highlighting the application potential of laser-

generated colloidal oxide, doped oxide, and sub-oxide nano-

particles.44 Since FeOx nanoparticles are featured in a broad

variety of applications, their synthesis via LSPC has been reported

by many researchers. Depending on parameters like educt, solvent,

or laser wavelength, different FeOx phases such as Fe, FeO, Fe2O3,

and Fe3O4 can be synthesized.45–52 While laser ablation in liquid

(LAL) is already a powerful method in terms of flexibility, subse-

quent irradiation of the colloid with another laser, referred to as

laser fragmentation or melting in liquids (LFL or LML), can further

manipulate the particle sizes and properties.53,54 This is typically

performed in a batch process with a laser beam focused in a vessel

filled with the colloid, resulting in a lack of fluence control,

scattered particle properties, and low productivity. To achieve better

control over the applied laser fluence and increase scalability,

which is necessary to generate sufficient colloid amounts for

applications in AM, a liquid jet reactor can be used.55 Following

this route, narrow size distributions can be achieved, enabling

interesting magnetic properties of laser-irradiated oxides.56

In this study, we demonstrate LFL of FeOx nanoparticles by

laser irradiation with different wavelengths in a liquid jet setup.

After synthesis, nanoparticles are used to functionalize poly-

amide 12 (PA12) micropowders in a colloidal additivation

process. After investigation of their dispersion on the polymer

surface, the dried composite powder is analysed for its thermal

and calorimetric properties and is finally processed by PBF-LB

to create a 3D structure with magnetic functionality. Through-

out the individual preparation steps from the as-prepared FeOx

nanoparticles to the final 3D structure, the magnetic perfor-

mance and phase composition of the materials are analyzed.

2. Materials and methods

The processing route presented in this study is shown in Fig. 1.

Iron oxide nanopowder (g-Fe2O3) was purchased from Sigma-

Aldrich and dispersed in deionized water by ultrasonic treat-

ment for 10 minutes. The colloid concentration was 1 g L�1.

After ultrasonic treatment, colloids were irradiated with a Nd:YAG

laser (Edgewave PX400-3-GH) in a liquid jet setup, similar to the

procedure given in ref. 56. Irradiation was performed with a

wavelength of either 355 nm or 532 nm and a repetition rate of

80 kHz (see Table 1).

Colloids were irradiated in multiple cycles (passages) to

vary the specific energy dose applied to the colloids.55,57 The

resulting colloids after LFL were then characterized by UV-Vis

absorbance spectroscopy (Thermo Scientific Evolution 201),

analytical disc centrifugation (ADC, CPS Instruments) and

transmission electron microscopy (TEM, Zeiss EM 910) to

evaluate the optimum process parameters (i.e. fluence, irradia-

tion wavelength, necessary energy dose) for LFL. With these

LFL-parameters, colloids were irradiated multiple times,

directly followed by mixing with PA12 (Evonik Vestosint 1115,

d50,3 = 58 mm) at the outlet of the liquid jet reactor. The

suspension was then stirred for another five minutes before

Fig. 1 Liquid jet fragmentation setup during LFL of iron oxide nanoparticles via ns irradiation at 355 nm and schematic process chain for FeOx/polymer
nanocomposite powder generation and AM by laser powder bed fusion.
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filtration. Thereafter, the nano-functionalized PA12 powders

were dried at 50 1C, similar to the procedure in ref. 30. Powders

were characterized by reflectance spectroscopy (Agilent Cary

100 Bi Cricket) and scanning electron microscopy (SEM, ESEM

Quanta 400 FEG), and were ultimately processed with a Share-

bot Snowwhite desktop PBF-LB machine. In addition, experi-

ments on energy density variation were performed on an

industrial PBF-mashine (EOSINT P385), which enables a more

exact tuning of energy density compared to the Sharebot

Snowwhite. Parameters for this machine are given in Table 2.

Although the EOS P385 is designed for larger objects (build area =

350 � 350 mm2), a build area reduction to 100 � 350 mm2

enables processing of smaller powder samples.

To evaluate the effect of the nano-additivation on the

thermal material characteristics of PA12, calorimetric experi-

ments and thermogravimetric analyses were conducted. PA12

composites were analyzed dynamically with a Mettler Toledo

DSC 822e under nitrogen purge gas flow of 40 mL min�1.

Powder samples of approx. 12 mg were placed in 40 mL

aluminum pans with covers. The measurement were performed

in the temperature range from 25 1C to 250 1C with a heating

rate of 20 K min�1. At 80 and 250 1C the samples were held for

3 min to achieve thermal equilibrium. Afterwards, the samples

were cooled down to 80 1C at a cooling rate of 20 K min�1 and

heated up to 250 1C at 20 K min�1. By using an integral

tangential baseline, the enthalpy of fusion of the samples of

the second heating run DHm and thus their crystallinity Xc

could be calculated according to eqn (1):58,59

Xc ¼
DHm

DH100 � 1� wfð Þ
¼

DHm

209:3
J

g
� 1� wfð Þ

(X)

with the enthalpy of fusion of a theoretical 100% crystalline

PA12 crystal DH100
60 and wf as the mass fraction of the nano-

particles in the composite.

Each powder composition was measured three times for

statistical evaluation (T-test). The evaluation of the results

was performed by the Mettler Toledo STARe Evaluation

Software 16.10.

The thermal decomposition behavior of PA12 materials was

characterized by means of thermogravimetric analysis (TGA)

using a TGA Q50 (TA Instruments). Around 55 to 60 mg of the

respective sample were heated at a rate of 10 K min�1 from

ambient temperature to 1000 1C under synthetic air being fed

into the oven at 60 mL min�1. At the end of this temperature

ramp the temperature was kept isothermal for 5 minutes to

allow for determination of the ash residue at 1000 1C.

To determine the magnetic properties, the nanoparticles,

the nano-functionalized micropowders, and the sintered bulk

samples were characterized by the vibrating sample magneto-

meter (VSM) option of a Quantum Design PPMS DynaCool.

Field-dependent measurements up to 9 T were performed at

a temperature of 300 K. Mössbauer spectra were recorded in

transmission geometry, using a 57Co(Rh) radiation source, mounted

on a constant-acceleration Mössbauer drive. Measurements were

performed at room temperature as well as at ca. 80 K, using a liquid

nitrogen bath-cryostat, also allowing us to analyze thermally acti-

vated processes, i.e. Néel-type superparamagnetism. To compensate

for the strongly decreased absorption due to relatively low magnetic

nanoparticle concentrations in the additivated micropowder as well

as the final test structure, the studied sample mass was increased

from ca. 20 mg cm�2 (FeOx NPs) to ca. 1500 mg cm�2 (polymer

samples).

3. Results and discussion
3.1 Laser fragmentation and spherification of FeO

x

Independent of the irradiation wavelength, the color of the

colloids turns from turbid, rusty red to translucent dark brown

or black during laser irradiation, which indicates a phase

change or a change in particle size. With increasing specific

energy dose, the color further shifts to black. As a quantitative

measure of the fragmentation efficiency, the ratio between the

absorbance of the product at 350 nm and 600 nm (Abs350/

Abs600) analyzed by UV-Vis absorbance spectroscopy was used.

This ratio is similar to the primary particle index (PPI), which is

typically correlated to the hydrodynamic nanoparticle

size.55,61,62 As Fig. 2a and b show, with irradiation of the educt

at a wavelength of 355 nm, the Abs350/Abs600 value linearly

scales with the applied specific energy dose (Fig. 2c and d).

Alternatively to this approach, a double logarithmic plot of the

absorbance spectrum can be used to calculate the Furlong

slope, which also correlates to the inverse of particle size,63

and, therefore, with Abs350/Abs600 (Fig. 2c and d). To compare

the effect of laser wavelengths at their corresponding maximum

fragmentation efficiency, the laser fluences were varied by focal

displacement relative to the liquid jet. Exemplary results for

355 nm are shown in a 2D contour plot in Fig. 2e with special

focus on the 3rd passage in Fig. 2f. As expected, the efficiency

increases until a maximum, before the optical breakdown

significantly reduces the efficiency (red marked area).55 For

both wavelengths, the distance between liquid jet and lens was

Table 2 Parameter sets for variation of the energy density during PBF-LB
(EOSINT P385, layer height of 300 mm)

Sample
no.

Hatch
distance/
mm

Temperature/
1C

Laser
output
power/W

Scan
speed/
mm s�1

Energy
density/
J mm�2

1 0.3 171 35 4500 0.026
2 0.3 171 37 4500 0.027
3 0.3 171 39 4500 0.029
4 0.3 171 39 4000 0.033
5 0.3 171 39 3500 0.037

Table 1 Laser parameters employed in the LFL experiments

l/nm
Pulse
duration/ps

Total
power/W

Repetition
rate/kHz

Pulse
energy/mJ

355 10 28 80 0.35
532 10 77 80 0.96
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finally set to a value at the transition to optical breakdown to

maximize the fragmentation efficiency.

To compare the effect of irradiation at 355 nm and 532 nm

in terms of fragmentation efficiency, the change in Abs350/

Abs600 with increasing specific energy dose is depicted in

Fig. 3a. Although the used laser system offers almost three times

higher laser power at 532 nm compared to 355 nm, UV laser

fragmentation with 355 nm can overcompensate this disadvantage

with five times higher efficiency (Fig. 3a), as indicated by the slope

of Abs350/Abs600 (specific energy dose) (Fig. 3b). Fig. 3c and d

reflect this trend in the hydrodynamic particle diameter. Both

wavelengths lead to significant fragmentation and a decrease in

hydrodynamic particle size. Size distributions show a sharp peak

for 355 nm irradiation and a broader peak for 532 nm (Fig. 3c)

with a secondary maximum at the educt particle size of

200–300 nm. In the case of LFL with a wavelength of 355 nm,

there are almost no particles larger than 40 nm left. Corresponding

d10, d50, d90 values are displayed in Fig. 3d (diameter dx at which

x% of the total nanoparticle mass in the sample is ‘contained’).

The d90 value significantly decreases compared to 532 nm, due to

the sharp distributive peak.

From an economic point of view, it is important to consider

the costs of creating laser photons at wavelengths of 355 nm

and 532 nm. Second harmonic generation (SHG, 532 nm) is at

least twice as efficient as third harmonic generation (THG,

355 nm). Presently, both laser power outputs are generated

from a common Nd:YAG laser source (1064 nm) by harmonic

generation, and 355 nm, instead of 532 nm output, limits the

maximum available powder to less than half. This can only be

compensated with better absorption of the irradiated material

at 355 nm, which is the case for iron oxide.64 Therefore, an

assessment of the absorption properties is important for each

material that should be fragmented, e.g. one could expect a

different outcome for the fragmentation of nanoparticles with

an absorption maximum around 530 nm.

Although there is a clear correlation between the PPI and the

hydrodynamic size distribution, a critical assessment of the data is

important. Ameasurement of the hydrodynamic size always comes

with an intrinsic overestimation of the particle size compared to

primary particle diameters. Moreover, ADCmeasurements depend

on centrifugal forces and, therefore, on the density difference

between nanoparticle and liquid phase. The lower the density,

the longer the time duration for measurement so that back

diffusion occurs, blurring the analytical size discrimination. Most

of the oxides have a relatively low density and the diameter limit of

detection is therefore in the range of 10–20 nm, compared to high-

density materials like gold, which can be precisely analyzed to

5 nm or lower. To support our results, a sample after LFL with

355 nm (highest efficiency) was imaged via TEM (Fig. 4b) and

compared with the educt particles (Fig. 4a).

Ps-LFL results in significant fragmentation of the educt

particles from xc = 19.5 nm to xc = 7.7 nm accompanied by

spherification, which are shown by the TEM image analysis

(Fig. 4a and b). The polydispersity index (PDI) calculated from

s
2/xc

2 decreases from 0.92 to 0.47 by LFL processing. Note that

a PDI o 0.3 represents a monodisperse size distribution,

whereas PDI 4 0.3 represents a polydisperse size distribution.

Although the size distribution after LFL cannot be called

Fig. 2 Exemplary optimization of the laser fluence and influence of the specific energy input during irradiation with 355 nm. (a) UV-Vis spectra of FeOx

colloids. Dashed lines indicate the calculation of the Abs350/Abs600 ratio, where (b) correlates with the specific energy dose. (c and d) Respective double
logarithmic plot of the UV-Vis spectra with the calculation of the Furlong slope. (e) 2D contour plot with the Abs350/Abs600 ratio as a function of the
specific energy dose and the distance between the lens and liquid jet. (f) Abs350/Abs600 ratio after three passages as a function of distance between the
lens and the liquid jet and magnification in the transition regime optical breakdown (red shaded area).
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monodisperse, TEM measurements confirm the ADC results

and show a significant particle size reduction, turning highly

polydisperse, bimodal educt iron oxide particles into a signifi-

cantly narrower, monomodal size distribution after LFL.

3.2 Nano-functionalization of PA12

Following the process route depicted in Fig. 1, laser-generated

colloids, processed with parameters at a maximum fragmentation

efficiency (355 nm), were adsorbed on the polymer powders to

create nano-functionalized magnetic PA12. After colloidal additiva-

tion and filtration, permeates did not show absorbance in the

UV-Vis, proving complete adsorption of all nanoparticles. Fig. 5

shows the powders obtained after colloidal additivation and sub-

sequent drying. Their appearance darkens with increasing nano-

particle loading (Fig. 5a), which is shown in the absorption spectra.

A broad peak between 400 and 800 nm occurs, caused by the FeOx

(Fig. 5b). The integrated absorption scales linearly with nano-

particle loading (Fig. 5c).

SEM images of the powder show a monodisperse distribution

of the particles with a Feretmax diameter of xc = 37 nm and a PDI of

0.138 (Fig. 6). However, size measurements based on SEM imaging

come with the problem of limited resolution, especially for materials

with lowcontrastonpolymersurfaces.Thesmallestparticlesmeasure

approx. 15 nm, which is larger than themeasured particle size of the

laser-generated nanoparticles loaded on the PA12. It has been

reported that the colloidal adsorption process is not size-selective,31

so that particle sizes reported in Fig. 4 should be expected to

be unchanged after adsorption on the polymer powder surface.

Therefore, it is possible that the actual dispersion of nanoparticles

(whichare invisible in theSEMpicture)on thepolymer surface is even

better than the one presented in Fig. 6.

3.3 Thermogravimetric analysis and calorimetric properties

The thermal decomposition behavior of pure PA12 powder and

PA12 powder being surface-functionalized by iron oxide nano-

particles under air as studied by TGA is depicted in Fig. 7.

Fig. 3 (a) Abs350/Abs600 as a function of the specific energy input by repeating cycles of irradiation at optimized parameters for two laser systems and
(b) fragmentation efficiency extracted by the slopes of the fits in (a). (c) Hydrodynamic size distribution (mass-weighted) of iron oxide nanoparticles after
LFL for all three laser systems at optimized fluence values compared to the educt size distribution (grey). (d) Corresponding key figures characterizing
cumulative size distributions.
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Fig. 4 TEM images of representative (a) educt FeOx nanoparticles and (b) FeOx after LFL with a laser wavelength of 355 nm. The corresponding number-
weighted (q0) and mass-weighted (q3) particle size distributions are shown in (c) and (d).

Fig. 5 (a) Dried powders obtained by varying the weight percentage of supported FeOx nanoparticles on PA12. (b) Absorption spectra obtained from
reflection measurements of the powders and (c) integrated absorbance as a function of the nanoparticle load. The integration was performed for the
complete wavelength range shown in (b). The dashed line is a linear fit (forced through the origin).
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The decomposition of the PA12 (see black solid line in

Fig. 7), i.e. the temperature where mass loss sets in, starts

around 300 1C. At 338 1C, a mass loss of approximately 1 wt%

with respect to the initial sample mass is observed. From there,

with further increasing temperature decomposition gradually

increases until pronounced oxidation of the sample sets in at

402 1C. This pronounced decomposition of the sample being

characterized by a peak mass loss of more than 2% K�1 found

at 447.8 1C continues up to 488 1C, where about 8.2 wt% of the

initial sample weight are left. From there, a gradual further

mass loss occurs until 0.5 wt% of the initial sample mass are

left as ash residue. The observed thermal degradation for the

non-functionalized material is in good agreement with that

reported for similar material, e.g. by Strobbe et al. for PA2200,

a commercial PA12 feedstock material for PBF-LB.83

The decomposition behavior of the surface-functionalized

powder ‘PA12 + FeOx’ (cf. dashed red line in Fig. 7) is very

similar to that of the non-functionalized powder. Decomposi-

tion sets in at around 300 1C, the mass loss of 1% is found at

338.5 1C, although, from there the oxidation is slightly retarded

as compared to the pure PA12, cf. a maximum derivative weight

loss of around 1.3% K�1 is observed at the peak mass loss at

461.1 1C. An ash residue of 0.4 wt% was found for this sample,

which is a decrease of 0.14 wt% compared to the pure PA12

powder. In order to simulate the treatment of the PA12 during

colloidal additivation, the pure PA12 sample was also washed

with water and dryed before measurement. Nevertheless, small

process variation could have caused a difference in partial

removal of inorganic flow aids during the process.

For the PBF-LB process, however, not only the mass loading

but also the dispersion of nanoparticles is important. During

PBF-LB, the process temperatures are usually held below the

melting temperature of PA12 of around 180 1C,26 while the laser

energy elevates the material temperature beyond the decom-

position temperature of around 300 1C.65 However, the expo-

sure only lasts for approximately 50 ms which does not

necessarily lead to a degradation of the polymer chains.66

In this regard, nanoparticles which show a high absorptance

at the laser wavelength of the PBF-LB machine can increase

the uptake of the laser energy and thus affect the density

of otherwise porous parts.67,68 During the quasi-isothermal

conditions of PBF-LB,69 nanoparticles can affect on the one

hand the spreadability during the recoating process26 and on

the other hand the crystallization kinetics.70–72 When cooling

down the melt after the process, the morphology and quantity

of crystalline structures are typically influenced by a wide range

of cooling rates (0.2 to 20 K min�1).69,73 The addition of

nanoparticles can hereby also change the crystallization beha-

vior of the base polymer through heterogeneous nucleation74

by increasing the crystallization temperatures and thus reduce

the processing window of PBF-LB.75–77 Ideally, PA12 powder for

PBF-LB shows a wide process window of approx. 30 K to avoid a

premature crystallization of the melt78,79 and thus curling or

warpage of the parts.66,80 However, if the processability is

maintained, the addition and ultrafine dispersion of nano-

particles has the potential to change the shape and quantity

of crystalline structures in such a way that mechanical pro-

perties of processed parts can be manipulated in a desired

direction.71,81

Fig. 7 Thermogravimetric analysis of FeOx functionalized and non-
functionalized PA12 powder (atmosphere: synthetic air (60 ml min�1),
heating rate: 10 K min�1).

Fig. 6 (a) SEM image of a PA12 polymer microparticle surface (inset
shows the whole particle) decorated with laser-generated FeOx nano-
particles and (b) relative frequency of FeOx particles on the polymer
surface as a function of Feretmax diameter.
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The addition of highly dispersed FeOx nanoparticles leads

to significant changes in the first and second heating curve

(Fig. 8a), where the melting peak temperatures and melting

enthalpies are shifted to higher values. Since the nanoparticles

are merely on the surface of the PA12 particles, the melting

peak-shift of the first heating (Fig. 8b) could originate from an

increase in thermal conductivity through the well dispersed

FeOx nanoparticles.
82 The differences in the second heating can

be related to the nucleation effect of nanoparticles on PA12,

which increase the crystallization rate and the lamella thick-

ness of the crystalline structures.74 This effect becomes

apparent by a significant increase of the crystallization enthalpy

(***; Pr 0.001) from 45.7 � 0.4 J g�1 to 48.1 � 0.2 J g�1, which in

return results in a significant (**; Pr 0.01) decrease of the onset of

the crystallization from 149.1 � 0.1 1C to 148.6 � 0.2 1C (Fig. 8c).

As expected, the addition of highly dispersed iron oxide nano-

particles significantly increase (****; P r 0.0001) the crystallinity

from 14.1 � 0.2% to 16.8 � 0.1% (Fig. 8d). On the other hand, the

reduction of inorganic material, which was observed in the TGA

analysis, does not seem to have a negative influence here.

3.4 Magnetic properties along the process chain

Magnetic properties are highly dependent on the nanoparticle

size, which was expected to be influenced along the process

chain. The magnetic properties of FeOx nanoparticles before

and after LFL (Fig. 9a) and of nano-functionalized PA12 pow-

der, as well as the 3D part after desktop PBF-LB (Fig. 9b) were

investigated. Placed in a magnetic field, the colloidal particles

after LFL move rapidly to the magnet as depicted in Fig. 9a.

M(H) curves (Fig. 9c) of the educt powder material (black curve)

display approx. 67 emu g�1 at 1 T and 300 K, comparable

to reported values of maghemite powders, while the laser

fragmented particles (red) exhibit a lower magnetization of

approx. 49 emu g�1, which is likely caused by stronger frustra-

tion of spins close to the particle surface due to the lower

average particle diameter as compared to the educt. In general,

FeOx nanoparticles below approx. 15 nm show beginning

superparamagnetic behavior at room temperature and a

reduced saturation magnetization due to an increased influ-

ence of the particle surface.84 Their magnetic properties are

dependent on their shape and phase composition.6,85 For

example, Demortière et al. reported a saturation magnetization

of 43 emu g�1 for 5 nm FeOx particles. Following background

correction for the diamagnetic polymer component, the M(H)

curves for the functionalized PA12 (green), as well as the 3D

part after desktop PBF-LB (blue), are similar in shape as

compared to the FeOx nanoparticles and prove the successful

magnetic functionalization of PA12 powder. Based on the

magnetization at 1 T given in units of 10�3 emu g�1, a magnetic

particle concentration of ca. 0.08–0.09 wt% can be estimated for

these two samples, matching well with the nominal concen-

tration of 0.1 wt%. From the known FeOx phases, hematite

(a-Fe2O3), maghemite (g-Fe2O3), and magnetite (Fe3O4) typically

show a temperature-induced phase transition, which can

already occur around 250–300 1C.86 These temperatures are

likely to occur during PBF-LB, since the CO2 laser heats

the powder far above the melting temperature of the polymer

for a very short time span of milliseconds before heat

propagation.87,88 Wegner et al., for example, measured a maxi-

mum temperature of 340 1C.87 However, the unchanged mag-

netic properties, as well as the Mössbauer study of the materials

throughout the process chain discussed below, indicate that

colloidal additivation, as well as PBF-LB processing, do not

significantly alter the nanoparticle size or phase composition.

Fig. 8 DSC analysis of PA12 and nanoparticle functionalized PA12: (a) heating curve for melting and resolidification (20 K min�1 heating and cooling
rate), (b and c) onset, peak and endset temperature for the 1st melting and resolidification. (d) Enthalpy of fusion and crystallinity after resolidification
calculated from the 2nd heating curve. For both powders, curves were averaged over 3 runs.
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This was further investigated by variation of the energy density

during PBF-LB from 2.59 to 3.71 J cm�2 on an EOS P385 (Fig. 9d).

In contrast to final part production on a Sharebot Snowwhite,

the EOS P385 enables an exact tuning of the energy density, which

was necessary for this experiment. However, despite strong layer

curling, no influence of the energy density on themagnetic behavior

after PBF-LB could be observed, confirming that no structural

change occurs in the FeOx during additivation and PBF-LB.

3.5 Nanoparticle structure along the process chain

A deeper investigation of the nanoparticle properties was

performed by Mössbauer spectroscopy at 80 K and room

temperature to obtain a deeper insight into nanoparticle struc-

ture and composition. Sample materials from each step of the

processing chain (Fig. 10) were investigated. These include the

educt powder (a and b), the FeOx nanoparticles after LFL (c and

d), the functionalized polymer powder (e), and the 3D printed

test structure after powder processing (f). The educt spectrum

displays a typical spinel/maghemite (g-Fe2O3) structure with

two sextet subspectra, representing Fe3+ on the octahedral

B-sites (blue) and tetrahedral A-sites (green), respectively.

No considerable changes are visible between spectra recorded

at 80 K and room temperature, except for the appearance of a

miniscule doublet, presumably caused by superparamagnetic

relaxation of the smallest educt particles. After LFL, the

decrease in average particle diameter is obvious from the

change in spectral structure: not only is the superparamagnetic

fraction in the room temperature spectrum, which represents

smaller particles, increased, but the magnetically blocked

sextet fraction at 80 K, as well as at 293 K, also exhibit distinct

inner shoulders. These shoulders are caused by beginning

thermally excited fluctuation of the particle superspin, not

being represented as a superparamagnetic doublet due to

the relation of relaxation frequencies in comparison to the

Mössbauer time window.89,90 The indicator of superpara-

magnetic behavior in Mössbauer spectroscopy is the crossing

of the Larmor precession time (in the range of 5 ns) by the

relaxation time, accompanied by the sextet collapse. Still, with

the particles showing only approx. 10% doublet area, they

can be regarded as primarily magnetically blocked at room

temperature, even on longer timescales (41 s). It seems reason-

able to assume that the LFL-process leads to a (partial)

reduction of the maghemite educt material, as an additional

minor sextet of smaller nuclear Zeeman splitting and higher

isomer shift is visible in Fig. 10 (c, cyan), which we assign to

B-site Fe2+ in magnetite (Fe3O4),
90,91 also matching the observable

change in color from orange (Fe2O3) to brown/black (Fe3O4).

It is unclear whether the particles are only partially reduced

Fig. 9 (a) Educt and laser-irradiated FeOx-colloid (after LFL with a 355 nm laser) nanoparticles. (b) Assembled 3D part after printing by desktop PBF-LB
of the magnetically functionalized PA12 powder with a FeOx content of 0.1 wt% on a Sharebot Snowwhite Printer. The black bar measures 2 cm.
(c) M(H) curves recorded at 300 K for the untreated educt material (black) and laser fragmented FeOx nanoparticles (red) on the left axis, functio-
nalized PA12 powder (green), and after printing by desktop PBF-LB on a Sharebot Snowwhite (blue) on the right axis. The latter contains only
ca. 0.1 wt% of magnetic nanomaterial, wherefore they are given in units of 10�3 emu g�1 and are corrected for the minor diamagnetic background of the
PA12 polymer powder; magnetization values at 1 T are displayed in the inset. (d) MagnetizationM(H) curves recorded at 300 K for parts made from functionalized
PA12 powder (0.1 wt%) at different energy densities on a EOS P385 PBF-LB printer. The inset displays magnetization values recorded at 1 T.
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to magnetite in the process or if they are entirely composed of

magnetite at some point, followed by the formation of a

maghemite oxidation/passivation layer, as is well known from

magnetite exposed to oxygen. While at 80 K the Fe2+ component

is only visible as a minor shoulder, its effect is more pronounced

at room temperature, due to the crossing of the Verwey tempera-

ture, where fast electron hopping leads to the observation of a

mixed-valence state (Fe2.5+, brown), with higher spectral area and

an intermediate center shift.90 Comparing the relative spectral

areas of the Fe2+ and Fe2.5+ subspectra to the rest of the spectrum,

we can estimate the magnetite fraction in the FeOx nanoparticles

after LFL to ca. 20–25%.

Measuring the spectra of the nano-functionalized polymer pow-

der and the 3D-printed parts, the relatively low concentration of

Fe-bearingmaterial of ca. 0.1 wt%was compensated by using higher

amounts of sample material (1.5 g instead of ca. 20 mg). Still, the

signal intensities in Fig. 10(e and f) are much smaller compared to

those of pure iron oxide material, leading to a lower signal-to-noise

ratio. However, both spectra display a magnetic structure identical

to that of the FeOx nanoparticles shown in Fig. 10(c and d) within

experimental precision, except for the presence of a miniscule

paramagnetic contribution with a relative absorption of less than

0.1%, which can be assigned to a background signal of the

experimental setup. Therefore, it can be concluded fromMössbauer

spectroscopy that FeOx nanoparticles prepared via laser fragmenta-

tion consist of a mixture of maghemite and magnetite, are mainly

magnetically blocked, and do not show considerable changes in

magnetic structure or composition along the processing chain, from

the nanoparticles synthesis to the 3D printed parts.

4. Conclusion

Picosecond LFL with an Nd:YAG laser emitting with its

third harmonic wavelength is a highly effective method for

fragmentation and spherization of FeOx nanoparticles and

generation of magnetic nanoparticles for use in AM. LFL of

a polydisperse FeOx powder results in a colloid with a mono-

modal size distribution of superparamagnetic nanoparticles

with diameters below 10 nm. A comparison between LFL with

the second harmonic wavelength from the same laser source

underlines the importance of choosing a suitable LFL

wavelength matching the absorption properties of the raw

material. Furthermore, it was shown that during LFL of g-Fe2O3,

approx. 25% of the material was reduced to Fe3O4 as confirmed

by Mössbauer spectroscopy. To generate a powder feedstock mate-

rial for laser 3D printing, highly dispersed FeOx nanoparticles were

absorbed on a PA12 powder through colloidal additivation. FeOx

nanoparticles on the PA12 microparticle surface show only minor

aggregation and homogeneous distribution. Calorimetric proper-

ties of PA12 were changed by the FeOx nanoparticles to higher

degrees of crystallinity while maintaining good processability for

PBF-LB. The functionalized and non-functionalized PA12 powders

showed a comparable thermal degradation behavior at atmo-

sphere, as studied by TGA.

Mössbauer and magnetometry measurements further reveal an

unaltered size and structure of magnetic nanoparticles on the PA12

surface and in the final part after PBF-LB, as indicated by the

identical behavior in terms of superparamagnetism andMössbauer

spectral structure. Thus, the magnetic properties were successfully

transferred to the final part, giving rise to a variety of potential

applications for magnetic nano-functionalized feedstock materials,

such as 4D AM of magneto-responsive parts.
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7.2  Plasmonic and antibacterial properties  

 

Unpublished results based on a collaboration with: 

Carlos Doñate-Buendía1,2, Anna Ziefuß1, Matthias Krause3, Alexandra Ingendoh-

Tsakmakidis4, Bernd Sures4, Milen Nachev5, Bilal Gökce1 

1 Technical Chemistry I and Center for Nanointegration Duisburg-Essen (CENIDE), University of Duisburg-Essen, 

Universitaetsstrasse 7, 45141 Essen, Germany 
2 GROC·UJI, Institute of New Imaging Technologies, Universitat Jaume I, Avda. Sos Baynat sn, 12071 Castellón, Spain 
3 FH Dortmund, Chair of Thorsten Sinnemann 
4 Department of Prosthetic Dentistry and Biomedical Materials Science, Lower Saxony Centre for Biomedical Engineering, 

Implant Research and Development (NIFE), Hannover Medical School (MHH), Stadtfelddamm 34, 30625 Hannover, 

Germany 
5 Department of Aquatic Ecology and Centre for Water and Environmental Research, University of Duisburg-Essen, 

Universitätsstr. 5, Essen 45141, Germany  

  

 

Using nano-additives can help overcoming material-related limitations of polymer powders 

for laser powder bed fusion (PBF-LB), aiming for an expansion of the material variety and 

adaption of the powder to the PBF-LB process. Besides increasing the processability, also 

the final part properties are altered and a functionalization of the part can be achieved [16]. 

Various additivation routes enable the modification of polymer powder materials by nano-

additives [16] to increase the flowability and anti-caking, or for electrical conductivity, light 

absorptivity adjustment [22,128,136,138,139], and enhancement of mechanical properties 

[13]. However, to achieve this, a deep understanding of the interplay of the PBF-LB process 

with small mass fractions of nanoparticulate additives is required. Conventional additivation 

methods typically come with the disadvantage of agglomeration of the nanomaterial, which 

makes high filling rates necessary to achieve a sufficient surface dose. As an alternative, 

clean and surfactant-free nanoparticles can be generated using laser ablation and LPP in 

liquids [33]. Thereafter, these colloidal nanoparticles are deposited on polymer micropowder 

supports to create and qualify new nanoparticle-composite powders for PBF-LB [268]. Based 

on this approach polyamide 12 and thermoplastic polyurethane microparticles were already 

successful decorated with a variety of nanoparticle materials (silver, iron oxide, carbon) and 

processed via PBF-LB (please see previous chapters). The nanoparticle degree of dispersion 

on the polymer microparticle surface and the surface coverage can alter the PBF-LB 

processability and enable functionalization of final parts, as it is presented in the following 

section for plasmonic and antibacterial properties. 
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Plasmonic polymer powder materials 

Plasmonic metal nanoparticles are known for a broad variety of applications in catalysis, 

microfluidics, optical data storage, sensing, imaging, and in vivo therapy [277–279]. They 

respond to external physical triggers and can translate a variable such as temperature, light, 

refractive index, pH, ionic strength, magnetic fields, ultrasound, humidity or specific 

molecules into a variation of the nanoparticle optical properties [269,280,281]. By AM, 

plasmonic-functionalized polymer parts that respond to such external triggers could be 

generated. Hereby, another dimension of design freedom is added to the AM process. 

However, the interaction between metal nanoparticles and the applicability of the above-

mentioned sensorics properties (plasmonic response) are considerably dependent on the 

particle size and shape [269,282]. Aggregation of the nanoparticles has therefore a huge effect 

on optical properties, e.g. surface plasmon resonance (SPR) frequency, and hereby on the 

functionality of the printed parts.  

Preventing agglomeration and conserving dispersion along the process chain for plasmonic-

functionalized parts by AM poses a key challenge. Furthermore, low volume fractions are 

desirable in order to add a nano-functionality with only little impact on the mechanical 

properties of the part, which could be modified [277], e.g. by  influencing the crystallization 

behavior of the polymer. In addition, also economical aspects (material costs) for 

additivation with plasmonic particles like gold must be considered and require a low dosage.  

By colloidal additivation of polymer powder with laser-generated nanoparticles these 

requirements can be addressed and considerable plasmonic functionalization can be obtained 

even at mass loadings of 0.1 wt% or below. For the following investigation, gold and silver 

nanoparticles have been generated by LSPC and adsorbed on PA12 and TPU powders by 

pH-controlled colloidal additivation. Due to their plasmonic properties, the dispersion of 

gold and silver nanoparticle in and on a polymer matrix can easily be analyzed by confocal 

laser scanning microscopy and UV-Vis spectroscopy. Confocal laser scanning microscopy 

has been used in previous studies to characterize the dispersion of inorganic nanoparticles 

in polymer materials, allowing to create 3D images of macroscopic polymer parts [283] and 

even to extract quantitative information [284] even though nanoparticle diameters are far 

below Abbe’s diffraction limit. However, confocal imaging cannot resolve single 

nanoparticles in the size of several 10th nm, for which SEM is more suitable (Figure 14a,b). 

Instead, confocal imaging enables evaluation of the distribution of particles on the surface 

(Figure 14c). Performing both techniques, SEM imaging and confocal dark field scattering, 

is therefore an ideal way for investigating the aggregation state of plasmonic nanoparticles 
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(SEM) and its macroscopic distribution on the particle surface (confocal laser scattering). 

Since different dispersions and particles sizes result in different scattering intensities, 

confocal dark field scattering can also distinguish between good and bad dispersion as it was 

shown for silver nanoparticles [268]. The method is not limited to powders but can also be 

utilized to analyze previously molten and resolidified polymer.  

Figure 14: (a,b) SEM images of PA12 polymer particles decorated with 0.1 wt% gold nanoparticles. Laser 

scanning confocal dark field scattering imaging of PA12 particles coated with gold: (c) 3D image, (d) 2D image 

in the xy-plane with the corresponding 2D images in the xz- and yz-plane, depicting the Mie scattering of the 

nanoparticles.  
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In Figure 15 (a) a 3D confocal laser scanning microscopy scan of PA12 supported with 

0.1 wt% gold nanoparticles is shown after sintering with the respective 3D dark-field 

scattering image in Figure 15 (b). The plasmonic nanoparticles exhibit a strong scattering 

signal. It can be observed that the nanoparticles did not significantly leave the polymer 

particle surface in the molten state before resolidification, resulting in a web-like macroscopic 

superstructure, which is formed by the contour of the former polymer microparticles. This 

has been observed in other studies for PA12 decorated with carbon nanotubes or carbon 

nanoparticles [146,285]. While the nanoparticles show a homogeneous particle distribution, 

a better understanding of the particle supporting procedure and its material dependencies 

will make optimization feasible. In Figure 15(c,d), confocal laser scanning 2D bright-field 

image and 2D dark-field scattering image of a PA12/Au-nanocomposite are shown. It can 

be observed that the distribution of spherulites (c) correlates with the position of the 

nanoparticles on the former microparticle surface (d). Hence, we also conclude that the gold 

nanoparticles act as nuclei for the crystallization of the polymer.  

One advantage of plasmonic metal nanoparticles generated by laser synthesis lies in the 

tunability of properties through alloying. For example, in addition to the widespread way 

of using pure metal targets for laser ablation, it is also possible to ablate alloy targets or 

powder targets. The latter can be produced by mixing and pressing powders, which allows 

target compositions that are not possible by alloying [231][232]. An approach to tune the 

plasmonic properties of silver and gold alloys is demonstrated in Figure 16. By variation of 

the gold to silver molar ratio AgxAuy-alloy nanoparticles were generated, which could 

successfully be supported on PA12 particles, as it is shown in Figure 16 a-e. SEM images 

further confirms the high dispersion and homogeneous decoration for silver and gold 

nanoparticles on the PA12 particle surface (Figure 16 g,h). Used as a feedstock material, 

these plasmonic functionalized PA12 powders allow printing of parts that still exhibit the

Figure 15: Analysis of the sintered parts made from PA12 micropowders decorated with gold nanoparticles: (a,b) 

Confocal laser scanning 3D brightfield image and 3D dark-field scattering image of a PA12-Au powder, showing 

the distribution of the nanoparticles in the final part after sintering. (c, d) Confocal laser scanning 2D bright-

field image and 2D dark-field scattering image of a PA12-Au powder, showing the distribution of spherulites (c) 

relative to the distribution of nanoparticles (d) after sintering. 
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Figure 16: Tuning of plasmonic properties: (a) UV-Vis absorbance spectra of laser-generated colloidal AgxAuy-

alloy nanoparticles, (b) corresponding normalized absorbance spectra of functionalized powders measured by 

UV-Vis reflection spectroscopy and (c) UV-Vis absorbance spectra from printed parts. (d) Laser generated 

plasmonic metal nanoparticles in water, (e) PA12 powder functionalized with AuxAgy nanoparticles and (f) 

printed parts processed by PBF-LB: Neat PA12 (white), PA12 with 0.1 wt% silver (yellow) and PA12 with 0.1 

wt% gold (purple). SEM images of PA12 decorated with (g) silver and (h) gold nanoparticles. (i,j) SPR peak 

wavelength and normalized SPR intensity as function of the gold molar ratio (GMR) for colloids, powders and 

printed parts. In all experiments PA12 was functionalized with 0.1 wt% of plasmonic nanoparticles. Please note 

that due to differences in the density between gold and silver the vol% and surf% are not constant and will 

decrease with increasing GMR.  
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original plasmonic properties (Figure 16 f). Plasmonic functionalized PA12 powders and a 

neat PA12 reference powder were processed on a Desktop PBF-LB machine (Sharebot 

SnowWhite) equipped with a CO2 laser. Details on used parameters and optimization of 

scan speed and powder bed temperature are given in A11. A final comparison of the SPR 

peak wavelength of the alloy colloid, the functionalized powder and the printed parts is 

presented in Figure 16 i,j as a function of the gold molar fraction (GMF), underlining the 

linear between gold content and SPR wavelength and intensity.  

Although the addition of gold with its smaller molar absorption coefficient compared to 

silver [286] results in a 4 times smaller absorption of Au100 functionalized parts compared to 

Ag100 functionalized parts, it can be expected that laser generated alloy nanoparticles open 

up new ways for fine tuning of absorption, catalytical properties or biocompatibility in 3D 

printed polymer parts. It has already been shown for both, pure gold [128]  and silver [272] 

functionalization, that even small amounts of those particles can be beneficial for PBF-LB 

processing.  

Besides influencing optical properties, plasmonic silver and gold nanoparticles are also 

known for their use in biomedical applications [287,288]. Silver, for example, features 

antibacterial properties and can thus be used to generate nanoparticle-composites for 

manufacturing of implants [259]. Test specimen made from silver-functionalized TPU 

powder already showed significant silver ion release over a test period of 30 days in deionized 

water (Figure 17a). In a first anti-bacteria tests, extracts of PBF-LB processed PA12-Ag 

platelets with 0.1 wt% of silver content have already shown an antibacterial effect against 

E. coli. For this experiment, the platelets were stored in phosphate buffered saline solution 

Figure 17: Silver ion release of a silver-functionalized TPU specimen immersed in water over a test period of 30 

days. Ion concentrations were normalized to the surface area of the part. 



7 Application potential of 3D printed functionalized parts  

 

136 

(PBS) for ten days before performing anti-bacteria tests. At an average silver ion 

concentration of 28 µg/l the metabolic activity was reduced by more than 90 % relative to 

a control sample without silver, which was expected from previous studies [289]. Bayraktar 

et al. recently reported on the antibacterial effect of silver functionalized PLA composite 

material for 3D printing by FDM [290]. They observed a pronounced antibacterial for S.  

aureus and E. coli at silver loadings between 1-3 wt%. Furthermore, the silver-

functionalization decreased the number of bacteria adhered to the polymer surface, which 

could not be observed for our study with 0.1 wt% of silver nanoparticle-functionalization of 

PA12. However, the influence of silver nanoparticle size, dispersion and concentration on 

the silver ion release and the inhibition of bacteria growth and adhesion has not been 

systematically investigated, yet.   

In summary the wide variety of materials from which nanoparticles can be generated by 

LPSC, enables a further extension of applications for highly dispersed plasmonic 

nanoparticles on polymer powders for PBF-LB. On the one hand, nanoparticles can affect 

the PBF-LB process and the final part (macro- and microstructure), but on the other hand 

nanoparticles lead to new functionalities due to their intrinsic material characteristics. This 

will allow new applications of 3D printed functional parts for plasmonics, catalysis or 

biomedical devices.  
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8 Summary and Outlook 

Development of application specific feedstock materials for AM is important in order to 

establish AM in industrial processes. For PBF-LB of polymers, nanoparticle-

functionalization represents a promising approach for increasing the variety of feedstock 

materials. Since the PBF-LB process chain is highly dependent on powder surfaces regarding 

flowability, melting, porosity, or laser absorption, it is important to control the effect of 

nanoparticle additivation on the polymer surface in order to optimize the properties of the 

polymer powder. Overall, nanoparticle-functionalization shows great potential but 

developing a general understanding of nanoparticle effects and interaction with the polymer 

matrix is challenging, which is attributed to the precise dosing and quantitative analysis of 

nanoparticle dispersion. Additionally, the established process routes for fabricating 

composite materials such as dry-coating or melt compounding typically lead to substantial 

aggregation of the nano-additive and often use pre-aggregated nanoparticles from gas-phase 

synthesis. In this thesis, colloidal additivation of polymer powders with laser-generated, 

highly dispersed nanoparticles was introduced as a promising alternative for fabricating 

nanoparticle-functionalized polymer powders for PBF-LB. 

Generating nanoparticles by laser synthesis facilitates a wide variety of materials in almost 

any liquid in a scalable one-step process, which provides solid foundation for introducing 

variety to AM feedstock materials. Nevertheless, a profound understanding and control of 

the processes during laser irradiation and nanoparticle formation, especially in the early 

phase (plasma, cavitation bubble), is necessary for enhanced productivity and tailored 

nanoparticle properties. In order to close the knowledge gaps regarding laser ablation in 

highly viscous liquids, ultrafast imaging experiments of laser induced cavitation bubbles on 

metal and oxide targets in viscous liquids were performed. It was found that stronger viscous 

forces alter the shape of cavitation bubbles, lifetime, and damping, and affect the shape and 

dynamics of persistent microbubbles, independent of the target material.  
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Laser-generated aqueous colloids were subsequently used to demonstrate the feasibility of 

colloidal additivation of polymer powders, using the model system PA12-silver 

nanoparticles. Adsorption of silver nanoparticles on PA12 is a fast process and occurs within 

seconds under the right conditions due to electrostatic destabilization. Therefore, colloidal 

additivation needs precise control of particle concentrations, pH, and zeta potential to 

ensure a reproducible supporting quantity (efficiency/yield) as well as quality (nanoparticle 

dispersion). The process was also transferred to TPU powder and optimum process 

parameters for colloidal additivation with laser-generated silver nanoparticles were found 

for both polymers. The pH needs to be approximately 3-4, which is close to the isoelectric 

point of the silver colloid, and nanoparticle and polymer concentrations are optimal at 

approximately 50 mg/l and 50 g/l, respectively. Since the process is driven by electrostatic 

destabilization, fast mixing is necessary, and the mixing conditions are crucial for successful 

upscaling. Beyond a simple consideration of the nanoparticle dose by wt%, which is the 

standard value for comparing nanoparticle filler contents, the nanoparticle volume fraction 

(vol%), the polymer surface coverage (surf%), and the degree of dispersion were analyzed. 

Nanoparticle surface per polymer particle surface (surf%) and the distances between 

nanoparticles on the polymer surface are more relevant for describing the nanoparticle 

additivation than just wt%. However, these parameters can only be calculated from SEM 

images, which limits their wide use. After identification and investigation of process 

determinants for colloidal additivation of polymer powders, a concept for upscaling toward 

kg/h was presented, which features a continuous static mixer and direct filtration. This 

setup could process several kg of nanoparticle-composite powders per day, which would be 

enough for successful PBF-LB processing of test specimens. It can also be expected that 

further automatization of continuous colloidal additivation will improve process efficiency 

and throughput. 

Silver functionalized polymer powders showed high dispersion and a conservation of surface 

plasmon resonance after additivation that can be utilized for diode laser sintering at 449 nm, 

which his close to the absorption maximum of plasmonic silver nanoparticles. It was also 

shown that fine-tuning of the SPR peak was possible by alloying. Although CO2 lasers are 

mostly used for PBF-LB because of high absorption of most of the polymers at the laser 

wavelength of 10.6 µm, the use of other laser sources has distinct advantages. For example, 

diode lasers in the visible and NIR range (400-1100 nm) provide higher efficiency and enable 

the construction of small PBF-LB machines. Furthermore, with diode lasers, highly capable 

beam shaping devices can be used, which allow a more homogeneous temperature 

distribution and faster processing. Interestingly, silver additivation had no effect on the 

melting behavior of PA12 and only affected its crystallization at high cooling rates, which 
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are not relevant for PBF-LB. In contrast, DSC analysis of silver-functionalized TPU showed 

an increase and sharpening of the melting peak. The difference in the thermocalorimetric 

behavior of TPU and PA12 with the same mass loading of silver nanoparticles highlights 

the importance of understanding nanoparticle-polymer interactions in the melt pool.  

Transfer of the additivation route to oxide, carbon, and gold nanoparticles on PA12 was 

also shown and examples for magnetical and anti-bacterial properties were given, which 

emphasize the potential of highly dispersed nanoparticle additivation. For generation of 

nanoparticles from iron oxide, yttrium iron oxide, and carbon, laser post-processing with ps- 

and ns-lasers was shown to have high potential for manipulating the phase composition and 

size of nanoparticles. In combination with colloidal additivation, monomodal nanoparticles 

were produced via ps-LFL, followed by direct mixing with a polymer suspension to generate 

functionalized powders. Based on the results, future studies should investigate the effects of 

the nanoparticle material, including different hydrophilicity of metals, oxides, and carbon 

as well as the influence of nanoparticles on surface roughness, flowability, final part 

microstructure, mechanical properties, and application specific tests. 

In conclusion, even minute amounts (0.01 vol%) of well dispersed nanoparticles can spice 

up feedstock materials for PBF-LB, as demonstrated for magnetic, plasmonic, and anti-

bacterial properties. LSPC and upscaling of colloidal additivation provides us with the 

opportunity to develop a new family of nanoparticle-functionalized materials and qualify 

them for PBF-LB, addressing the requirements of the manufacturing process, and finally 

contribute to increased design freedom. 
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Appendix 

A1 Supporting Information: Dynamics of laser-induced 

cavitation bubbles at a solid-liquid interface in high 

viscosity and high capillary number regimes 
 

Reproduced from Journal of Applied Physics 127 (2020) 044306, with the permission of AIP 

Publishing 

Available at: doi.org/10.1063/1.5116111 

 

1. Videos 

Video_Au_water.avi corresponds to the high-speed imaging of a laser-induced bubble in water 

and on a gold target. Video_Au_PAO6.avi and video_Au_PAO40.avi show the videos for 

bubbles in PAO6 and PAO40, respectively. Bubbles videos made using a YIG target are named 

as the same way: video_YIG_water.avi, video_YIG_PAO6.avi, video_YIG_PAO40.avi refer 

to bubbles produced in water, PAO6 and PAO40, respectively. All videos start shortly before 

the laser impact and do not only show the expansion and shrinking of the bubble but also the 

oscillation after the first collapse. The time between two frames is 4.75 µs, whereas the image 

size is3.92x3.92 mm2. 

2. Error bars 

The error bars are deduced from the propagation of uncertainty. As an example, �� = ρV�	R γ⁄  

is identified to �� ∝ ρR� γt	⁄  for the assaying of the propagation of uncertainty. Assuming no 

uncertainties on the density ρ (weak dependence over the temperature with respect to the 

dependence of the viscosity) and on the time, it leads to the following standard deviation on 

��: 
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��� = ���9 ���
�� + ���

�� (S1) 

 

The standard deviation on �� = V�R ν⁄  is: 

 

��� = ���4 ���
�� + ���

 � (S2) 

 

The standard deviation on !" = ρνV#$ γ⁄  is: 

 

�%& = !&��'�
(� + ���

�� + ���
 �   (S3) 

 

The value of  � ν⁄  is assumed to 30% (see table S1 for the temperature dependence of the 

kinematic viscosity). The value of �� γ⁄  is assumed to 3% (consistent with an error on the 

temperature of ±10°C). �� and �( correspond to a half of the resolution of the imaging system 

previously defined, i.e. 22 µm. In that condition, the error is mainly defined by the uncertainties 

on the viscosity. The errors bars in figure 3a-c are defined accordingly  

Following the propagation of uncertainty, we have estimated an error on the X-axis of the 

figure 5b, i.e. for ) = �ν *
+,, the standard deviation on ) is:  

 

�- = )�.
/

���
 � + .

	
�0�
*� (S4) 

 

The value � ν⁄  is assumed to 30%. �* corresponds to a half of the resolution of the imaging 

system, i.e. 22 µm.  

Table S2: The table displays the kinematic viscosity of the polyalphaolefines used as a function of the temperature 

(Data from the manufacturer). 

Sample 
Viscosity 

Index 

Kinematic Viscosity ν 

Temperature 

[°C]  
ν [mm2/s] 

log10(ν) 

PAO 6 137 

100 °C 5.9 0,77 

40 °C 30.5 1,48 

20 °C 80.8 1,91 

PAO40 147 

100 °C 39.0 1,59 

40 °C 396 2,60 

20°C 764 2,88 

0°C 4840 3,68 
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3. Absorbance measurements 

It is known that volume and lifetime of the cavitation bubble change with the laser fluence 

[1,2]. Even at the same laser fluence unequal optical properties of the liquids could influence 

the effective fluence on the target surface. To determine the light extinction by the liquids, a 

UV-Vis absorbance spectrum is measured for each liquid. The inset of Fig. S1 shows that the 

absorption remains low for the three solvent at 355 nm. Fig. S1 displays the transmission at 

355 nm for each solvent with a liquid layer of 1 cm thickness, as well as the maximum vertical 

height reached. The transmission is marginally affected by the different solvents. The difference 

in the absorption cannot explain the maximum volume difference between liquids. 

 

Fig. S1: Maximum vertical bubble radius for the different target-liquid combinations plotted as a function of the 

fluid and as a function of the absorbance of the corresponding liquid at 355 nm wavelength. The inset shows the 

UV-Vis spectra of the liquids, highlighting the absorbance at 355 nm wavelength. 

 

 

4. Calculation of the Rayleigh collapse time 

We calculated the theoretical Rayleigh collapse time T9:; from two different maximum radius 

R< 

 Using the measured maximum height of a bubble (R< = R=>?). 
 Using the equivalent radius of a sphere @R< = RABC with the same volume as the 

measured maximum volume (exact volume in fig. 1d) 
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T9:; = 1.83R<� G
HI  (S5) 

 

ρ is the liquid density and PKis the external pressure (101 kPa). Fig. S2 shows that even for 

shapes which strongly deviate from the hemispherical shape, the maximum bubble height leads 

to a theoretical Rayleigh collapse time consistent with the measured bubble lifetime (until the 

first collapse). The bubble height (and its derivative) appears relevant to compute Re and We. 

Additionally, when looking at the three-phase contact line the footprint radius (and its 

derivative) is more relevant to compute the capillary number Ca. 

 
Fig. S2: Rayleigh collapse time vs. the measured collapse time. The dot line corresponds to identity. Values for the 

Rayleigh collapse time were calculated using the maximum radius of the bubbles (blue) or by using the equivalent 

radius of a sphere with the same volume (red). 
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5. Time dependence of the footprint radius 

 

Fig. S3: Time dependence of the footprint radius of bubbles for a gold target in water, PAO6 and PAO40. A fit 

with a power law n
t  of the early expansion of the bubbles (i.e. first quarter of the bubble lifetime) is displayed 

for a few bubbles in each liquid. The average exponents n for both gold and YIG targets are shown in the table in 

the inset (see Fig. S5 for YIG target). The values in brackets correspond to the 80% confidence interval according 

to the Student's t-distribution.  
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Fig. S4: Time dependence of the footprint radius of bubbles for a YIG target in water, PAO6 and PAO40. A fit 

with a power law n
t  of the early expansion of the bubbles (i.e. first quarter of the bubble lifetime) is displayed 

for a few bubbles in each liquid. 
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A2 Supporting Information: Manipulation of the size and 

magnetic properties of colloidal Y3Fe5O12 nanoparticles by 

laser post-processing 
 

Reprinted from Molecules 25 (2020) 1869 under CC BY 

Available at: doi.org/10.3390/molecules25081869 

 

1. Choice of laser wavelength for LPP  

The energy that can be absorbed by a particle is strongly reliant on its wavelength-dependent 

absorption cross-section �&LMN  [1]. 

O&LM = OP
QP

⋅ �&LMN = SP ⋅ �&LMN  (1) 

 

For spherical particles, a relative absorption cross-section T&LMN , also known as absorption 

efficiency, can be calculated with the geometrical cross-section 
U⋅VW�

/ : 

 

T&LMN = 4 ⋅ �&LMN

X ⋅ YZ2
 (2) 

 

The size- and wavelength-dependent absorption cross-section can be determined by calculating 

the absorption efficiency using the classical Mie theory. It describes the interaction between a 

planar electromagnetic wave and a homogeneous sphere [2]. To calculate the absorption 

efficiency, it is necessary to know the real and imaginary part of the complex refractive index 

of the material at the respective laser wavelengths. Kahn et al. determined the values 

experimentally for the complex refractive index of YIG, which are used as a basis for the 

calculation in this paper [3]. Although there is no general limit for the particle size to be 

calculated in Mie theory, it should be noted that quantum mechanical effects can play an 

essential role in particles below 10 nm and must, therefore, be considered. For the sake of 

simplicity, the smaller particle size is thus set to 10 nm. Figure S1 shows the absorption curves 

for YIG at three usual laser wavelengths of 1064 nm, 533 nm, and 355 nm. Larger wavelengths 

can only be efficiently absorbed by large particles, whereas the absorption efficiency for 

particles below 1000 nm decreases rapidly for 1064 nm. By reducing the wavelength to 532 nm, 

it is possible that particles down to 300 nm can absorb the energy efficiently. For an efficient 

fragmentation process, however, it is essential that large amounts of energy can also be 
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absorbed by particles smaller than 100 nm, which is why a laser with a wavelength of 355 nm 

is best suited for our study. Using the model of Takami et al.'s "heating melting evaporation" 

theory, the amount of energy absorbed by a YIG particle of any size can now be calculated [4]. 

This work has not succeeded in determining the specific enthalpies at each temperature 

required for the calculations, which is why the curves in (b) provide only trends and no exact 

values. From the application, it can be concluded that significantly more energy is required for 

the evaporation and thus the fragmentation of small particles below 100 nm than for larger 

particles. This confirms the conclusion that the use of a 355 nm wavelength laser is the optimal 

choice for the fragmentation of small YIG particles. 

 

Figure S1: (a) Absorption efficiency T&LMN  as a function of the particle size, which was calculated using the Mie 

theory. (b) Estimation of the fluence required for melting particles (yellow line) and evaporate them (gray line), 

calculated using the "heating-melting-evaporation" model according to Takami et al. [4]. 
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2. Influence of specific energy input on the UV-Vis absorbance ratio between 

320 and 800 nm  

 

Figure S2: UV-Vis absorbance ratio between 320 and 800 nm as a function of the (a) number of passages during 

fragmentation and (b) specific energy input in kJ/g which considers, that the ps-laser has twice the pulse energy 

and total laser power compared to the ns-laser. 

 

3. Furlong slope 

 

Figure S3: (a) Double logarithmic plot of the UV-Vis absorbance spectra to calculate (b) the Furlong slope from 

the linear slope between 250 and 300 nm. 
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4.  XRD results after ps-LFL 

 

Figure S4: Experimental data of the ps-LFL sample in logarithmic scale together with the YIP reference positions 

and intensities (JCPDS PDF card 39-1489). 

 

Figure S4 shows that the angular position of the broad features under discussion (32°, 47°, 

and 60°) are slightly shifted towards lower angles with respect to the reference data. This 

might be due to a distorted lattice. Note that the grain size is very small (TEM and XRD 

data) and such variations are possible. Nonetheless, the main features (considering the 

overlap of several diffraction planes to one peak observed in the experimental data) are 

consistent with the phase group 62 (Pnma), so presumably YIP. 
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5. M(T) for high temperatures 

 

Figure S5: Magnetization as a function of temperature at B = 0.1 T in the high-temperature region after ps-

LFL. Two ordering temperatures TN1 and TN2 are detected. 
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A3 Tools and procedure for oxide target preparation from 

mixed powders 

 

During preparation of oxide targets for LAL, powders and powder mixures are pressed and 

sintered as described in a previous study [223]. During this process. tilting of the press tool 

could be identified as one of the main causes of mechanical defects and low or inhomogeneous 

target densities after sintering. Especially the press plunger is deformed by the high forces 

and oxide nanoparticles accumulate between the plunger and the plunger guide, which 

hinders sliding. In addition, the oxidic nanoparticles cause surface scratches in the relatively 

soft tool steel. Therefore, hardened high speed steel (HSS) should be used for the plunger 

Figure 18: (a,b) Tool parts with a plunger and a plunger guide made from high speed steel (HSS) to produce 

oxide targets for LAL. (c) Relative target density and green part density as a function of pressing and milling 

cycles before final sintering of a mixture of iron oxide and yttrium oxide powder. (d-h) Corresponding targets 

for each cycle after sintering. 
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and plunger guide (Rockwell hardness of 62 HRC)(Figure 18 a,b). Due to the massive socket 

and the precise fit of the punch, guide and counter-pressing piece, a homogeneous force 

distribution is achieved. This in turn leads to a higher density of the sintered target even 

at lower pressure during green body manufacturing, which causes less wear of the tool. A 

YIG target reaches > 90 % relative density after pressing at 198 MPa instead of 300 MPa.   

Another way to improve the green density and the relative density of the sintered target, is 

applying several pressing cycles followed by milling of the green part. The density of the 

green parts and sintered targets increases with each further iteration and reaches approx. 

98 % of the theoretical density after five pressing cycles (Figure 18 c), whereby the number 

of deformations and other macroscopic defects on the surfaces and at the edges of the targets 

is reduced. 
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A4 LFL of ball milled YIG powder, ready to use as 

nanoadditive in AM  

Figure 19: Results on YIG nanoparticles generated from an YIG micropowder by ball milling (Retsch PM100), 

subsequent ultrasonication and LPP (Edgewave ps-laser at 355 nm, same laser parameters as in [265]) in water 

(50 mg/l) without chemical stabilizers. (a) Image of YIG suspension after ultrasonication and (b) after LPP 

compared to (c) a YIG colloid generated by LAL of an YIG target, followed by LPP. (d) Difference in the 

Abs320/Abs800-ratio calculated from UV-Vis absorbance spectra before and after LPP (referred to as change of 

PPI) for LPP of a laser-generated colloid and a colloid from ball milled powder. After five passages the 

hydrodynamic particle size distribution (e) as well as the Ramen spectra (f) show variations that can be 

attributed to decomposition of the YIG and generation of FeOx species. In accordance with the crystallite size, 

calculated from XRD (g), the saturation magnetization (h) is similar to the bulk value of YIG (26.8 Am2kg-1) 

and three times higher than after LPP of a superparamagnetic laser generated colloid (also see Chapter 4.2 ). 



 Appendix  

 

167 

A5 Flexibel passage reactor design 

 

For LPP of flammable solvents, a new design of the passage reactor was developed (Figure 20). 

The new design adds a nozzle with the purpose of generating an inert gas stream close to the 

liquid jet to prevent the solvent from being ignited by the laser beam. Another extension is the 

sleeve with the standard joint of 29/32 mm, through which further glass devices can be 

connected to the reactor. This enables directly adding a pump and tubing for continuous 

processing of a colloid, which reduces the process time and adds another degree of freedom, as 

it gives the opportunity for flexible adjustment of the liquid jet velocity and volume flow. 

However, the reactor is also suitable for batch operation. 

To ensure that no solvent ignites during the irradiation of the colloids, the process was tested 

under extreme conditions with ps-laser irradiation (355 nm) of nitromethane, which shows 

strong absorption in the ultraviolet range. During several test runs no ignition could be 

observed. Furthermore, the directed nitrogen flow reduced the distribution of aerosols.   

  

Figure 20: Further developed modular passage reactor for post-irradiation of colloids based on organic solvents. 



Appendix   

 

168 

A6 Supporting Information: How colloidal surface 

additivation of polyamide 12 powders with well-dispersed 

silver nanoparticles influences the crystallization already at 

low 0.01 vol%  

 

Reprinted from Additive Manufacturing 36, 101419 (2020) with the permission of Elsevier 

Available at: doi.org/10.1016/j.addma.2020.101419 

 

1. Effect of PA12 on pH of the suspension 

The polymer concentration has a huge effect on the pH value of the suspension (Fig. S1a). The 

higher the concentration, the lower the pH value until a saturation can be observed at pH 3.8 

for 50 g/l. The influence of PA12 on alkaline pH adjustment was measured by titration of a 

PA12 suspension prepared by mixing 1 g PA12 in 75 mL ultrapure water under vigorous 

stirring. Fig. S1b shows the pH-shift of a PA12 suspension in water during a titration 

experiment with 0.1 M NaOH. The pH changes significantly even when small volumes of 

sodium hydroxide solution are added. After adding 10 mL of the base a difference between 

calculated and measured pH can be observed. This result points out that the used PA12-

powder not only decreases the pH but also has a direct effect in the acid-base equilibrium 

acting as a buffer. Further proof to this result is given in Fig. S1c which shows the temporal 

evolution of the pH value directly after neutralization of the suspension.  

 

Figure S1: (a) pH of a PA12 (Vestosint 1115) suspension as a function of PA12 concentration after 15 minutes of 

stirring. (b, c) Influence of a 0.1M NaOH solution on the pH of an aqueous suspension of PA12 at 13.3 g/l in 
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deionized water. The PA12 suspensions were previously stirred for 15 minutes to ensure equilibration. (b) pH-shift 

depending on the volume of the NaOH solution. The red and blue dashed lines are used to illustrate the pH-change 

based on calculated (red) and measured (black) pH values. (c) Time-dependent change of pH after addition of 100 

µL 0.1M NaOH solution, illustrated by the black dashed line. 

2. Theoretical surf% 

 

Figure S2: (a, b) Scaling graphs illustrating the connection between wt%, vol%, surface coverage (surf%) and 

nanoparticle size for PA12 powder with a specific surface of 0.114 m2/g which was determined based on the polymer 

microparticle size distribution in Fig. S3. 

 

 

Figure S3: Surface weighed particle size distribution based on laser diffraction. 
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A7 Drying procedure of powders after colloidal additivation 
 

Drying and sifting of functionalized powder after colloidal additivation are relatively easy to 

scale to kg/day, although these steps make up most of the overall process duration. However, 

if the colloidal additivation process is scaled towards kg/h, a larger drying capacities are 

requiered. In order to evaluate the necessary time for drying, experiments were conducted at 

50°C with PA12 powder batches of 500 g each, which were spread in a tray (approx. 40x20 cm), 

resulting in a powder layer thickness of approx. 1 cm. After filtration, the powders show a 

typical moisture content of 20 wt%, which is drastically reduced within 24 h (Figure 21 a). It 

is important to note, that PA12 is a hygroscopic material and absorbs water from the 

surrounding air over time (up to a few wt%). The humidity of the powder does affect the 

powder flowability and recoating behavior through influencing the van-der-Waals forces 

(Hamaker constant) between polymer particles [73]. In order to illustrate the influence of the 

initial powder humidity, a second experiment was conducted by adding an extra portion of 

water to the powder after drying. Hereby, the initial humidity was increased to almost 35 wt%, 

which represents a failure during filtration, and the necessary time for drying almost doubled 

(Figure 21 b). Therefore, it is very important for scale-up of colloidal additivation to remove 

most of the water directly during filtration, rather than in the oven. In addition, the air 

humidity inside the oven also plays an important role. Moisture absorbers (silica-based, 

APALUS Inc.) can speed up the drying process by taking up water (Figure 21 b) which reduces 

the humidity inside the oven. A detailed comparison of the residual humidity in differently 

treated PA12 should be done in follow up experiments, especially to ensure reproducibility for 

large scale colloidal additivation.   

Figure 21: Moisture content of PA12 powder during drying at 50°C. Initially, the powder was immersed in deionized 

water followed by filtration. The moisture content is given relative to the dried powder after five days. (a) Standard 

evolution of moisture content and (b) evolution of moisture content with adding an extra portion of water after 

filtration to illustrate the impact of larger moisture content on the drying time with and without placing silica-

based moisture absorbers (2x 500 g) in the oven. The right axis shows the average mass change of the moisture 

absorbers during drying (500 g ± ∆m). 
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A8 Supporting Information 

Plasmonic seasoning: Giving color to desktop laser 3D-printed 

polymers by highly dispersed nanoparticles 

 

Reprinted from Advanced Optical Materials 2000473 (2020) under CC BY 

Available at: doi.org/10.1002/adom.202000473 

 

1. Particle size distribution of laser generated silver colloids and TPU 

micropowder 

Figure S1: Particles size characterization of the laser-generated colloids stabilized with 100 

µmol/l citrate: (a) Number and volume weighted hydrodynamic size distribution and (b) Feret 

diameter (primary particle diameter) distribution based on TEM imaging (n=1000). The inset 

shows a representative TEM image. 

Table S1: TPU particle size distribution based on microscopic images (n > 500 particles). 

 
Particle size distribution  

(Feretmax diameter) [µm] 
 

x10,3 x50,3 x90,3 x10,0 x50,0 x90,0 

TPU + 0.1 wt% Ag 42 131 153 3.7 14 47 

 

2. Influence of colloidal stabilization on composite  

It is also possible to perform the additivation process with unstabilized silver colloids (without 

sodium citrate) which results in a linear correlation between powder absorption and 
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nanoparticle load even if pH stays at 6.0. Only above 0.5 wt% a slight yellow colouring of the 

permeate can be observed but after drying, the powders show clear signs of aggregation (brown, 

grey colour). The addition of very small amounts of additives in the range of µmol/l is useful 

to increase the stability and the reproducibility of LSPC [1]. Adding sodium citrate in 

concentrations > 10µmol/l results in a decrease in supporting efficiency to almost zero (see 

Fig. S2a), which could be attributed to electrostatically hindering similar to the results of 

Wagener et al., Langmuir, 28, 6132 (2012), which can be attributed to both pH effect of the 

base citrate as well as the ligand´s electrosteric effects. Filtrates with 100µmol/l sodium citrate 

show the same absorbance as the initial colloid. Even stirring for 3 weeks does not result in 

any supporting. However, the process route with sodium citrate stabilization and controlled 

destabilization by pH adjustment comes with distinct advantages in colloidal stability, process 

control and reproducibility and results in a 10x higher SPR peak intensities of the composite 

powders compared to the route without sodium citrate.  

 

Figure S2: (a) Supporting efficiency and calculated surface coverage based on Wagener et al. 

as a function of citrate concentration. (b, c) Powder after additivation. The black bar measures 

1 cm. (d, e) permeates after filtration for citrate stabilized and unstabilized colloidal silver 

nanoparticles. The absorption of the corresponding composite powders is shown in (f). 
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3. Zeta potential, streaming potential and supporting efficiency  

Figure S3: (a) Zeta potential of colloidal silver nanoparticles and streaming potential of the 

TPU microparticles as a function of pH value. (b) Supporting efficiency as a function of pH 

value (inset shows permeates after supporting and filtration at different pH values). 

4. Aging of silver colloids and influence on composite powder properties 

 

Figure S4: Influence of silver colloid aging after laser ablation (stabilized with 100µmol/l 

sodium citrate): (a) UV-Vis spectra directly after LAL and after 30 days and (b) corresponding 

powder absorption at the surface plasmon resonance peak. Influence of colloid aging on (c) 

supporting efficiency, (d) SPR peak position and AbsSPR/Abs600. The insets show the 

corresponding colloid and powder samples. 
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Storage over 30 days leads to aggregation and decrease of SPR intensity, which negatively 

effects the SPR intensity of composite powders (Figure S4 a,b). The aging influence can be 

seen clearly for the colloid as well as the powder. For both samples the yellow coloring declines 

with time. Over the period of 30 days the supporting efficiency stays above 97% (Figure S4c). 

Therefore, colloid aging has a negligible effect on supporting efficiency but strongly effects the 

optical properties of the composite powder.  

 

5. Correlation between SPR wavelength and particle size  

Nanoparticle size [nm] SPR peak wavelength [nm] Reference 

10-14 395-405 [2] 

35-50 420 [3] 

60-80 438 [4] 

22 

13 

5 

411 

405 

399 

[5] 

10 400 [6] 

 

Figure S5: Correlation of SPR peak position and silver nanoparticle size (More information can 

be found in the given references). A theoretical approximation of the effect of aggregation on 

SPR peak wavelength and intensity was done according to Amendola et al. [7]. 
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6. Additional information on influence of nanoparticle concentration and stirring 

time  

 

Figure S6: (a) Influence of stirring time and nanoparticle concentration on nanoparticle 

aggregation, quantified by the ration of absorbance at the SPR wavelength and absorbance at 

600 nm. The lower the value, the better (less aggregation). (b) Influence of concentration on 

F(R) powder absorption at the SPR wavelength. (c,d) Supporting efficiency as a function of 

stirring time for different nanoparticle concentrations and wise versa. 
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7.  Different approaches for adjusting the nanoparticle loading 

 

Figure S7: Ag nanoparticle concentration and TPU microparticle concentration for different 

nanoparticle loadings between 0.01 to 1 wt%. Variation of nanoparticle loading by variation of 

either c(Ag) or c(TPU). 

In order to achieve different mass loadings of silver nanoparticles on the polymer microparticles, 

the ratio of polymer microparticle and silver nanoparticle must be varied. This can happen by 

either variation of nanoparticle or polymer concentration (Figure S7). Since high nanoparticle 

concentration negatively affects the colloidal stability and influences supporting efficiency, a 

variation of polymer microparticle concentration is recommended. Please note, that high 

polymer concentration also influences the viscosity of the suspension, which will likely influence 

the supporting kinetics. 
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8. Upscaling and reproducibility of colloidal additivation towards kg-scale 

Figure S8: Upscaling towards kg-scale: (a) Absorbance spectrum of silver colloid before 

additivation and permeate after additivation indicating approx. 100% supporting efficiency and 

(b) reproducibility of the supporting efficiency for five 100 g batches. (c) F(R) powder 

absorption spectra and (d) SPR peak position and absorption as a function of batch size. 

Finally, 1 kg of nanoparticle-polymer composite powder was produced for PBF-LB tests.  

 

Laser system parameter used for upscaling of laser ablation [8,9]: 3 ps, 1060 nm, 10 MHz  
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9. Fine-tuning of powder absorbance by AgAu-alloys 

 

Figure S9: Normalized UV-Vis absorbance spectra of gold-silver-alloys for different molar 

ratio in laser-generated AgxAuy alloy nanoparticle colloids. Spectra were peak-normalized to 

illustrate the potential for fine-tuning of SPR peak wavelength. The inset shows 

representative colloids (black bar measures 1 cm).  
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A9 Spray drying of TPU powder suspensions for 

nanoparticle-functionalization 
 

Instead of colloidal additivation, surface-functionalization can also be performed by spray 

drying of a mixture of polymer suspension and laser-generated colloid, provided that no 

uncontrolled adsorption of the silver nanoparticles on the polymer surface takes place before 

spray drying, e.g. in the reservoir and tubing of the machine.  

In order to evaluate this method, spray drying of an aqueous TPU suspension with a silver 

colloid was performed at Büchi Labortechnik GmbH (Büchi Sprühtrockner B-290, approx. 

1 l/h). Two different TPU-nanoparticle mixtures were applied. The first mixture based on 

an unstabilized silver colloid, whereas the second mixture bases on a silver colloid stabilized 

with 5 mM of citric acid. Both experiments were conducted at a polymer concentration of 

50 g/l and a silver concentration of 50 mg/l, resulting in a maximum nanoparticle loading 

of 0.1 wt%.  

During spray drying both mixtures resulted in substantial clogging of the tubing and the 

nozzles of the device, which made several cleaning cycles per hour necessary. Furthermore, 

adsorption of the nanoparticles on the polymer particles and on the tubing of the machine 

could be observed for the unstabilized mixture. After spray drying, the resulting powder 

was rather grey than yellow. For the stabilized mixture, however, no adsorption of 

Figure 22: (a) TPU powder after spray coating of TPU immersed in a silver colloid stabilized with citric acid 

(5 mM). (b) Corresponding SEM image and (c) UV-Vis absorption measurement of the functionalized powder after 

spray drying. Comparison of stabilized and unstabilized silver colloid.  
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nanoparticles on the tubing could be observed and the powder had a yellow to brown color 

(Figure 22 a), which proves a conservation of plasmon resonance. Since the powder is almost 

brown, a significant degree of aggregation can also be expected. Powders were further 

characterized by SEM imaging (Figure 22 b) and UV-Vis absorption measurement (Figure 

22 c). As expected, a pronounced SPR peak is observed, which is much broader than for 

colloidal additivated TPU powder in Chapter 6.1 . This is also confirmed by SEM images, 

which reveal aggregation and spots where nanoparticles cumulate, rather than a 

homogeneous decoration. Finally, the TPU particles do not change their irregular shape, do 

not show any morphological change, and do not melt together during spray drying (Figure 

23). Please note, that a partially melting of the polymer particle surface during spray drying 

cannot be excluded completely, since the nozzle temperature was set to 135°C, which is 

10°C above the melting temperature of TPU.  

 

 

  

Figure 23: SEM image of a TPU powder after spray drying, showing the typical irregular shaped TPU particles. 
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A10 Adsorption efficiency as a function of polymer 

concentration  

 

Figure 24: Pre-study on the supporting efficiency as a function of polymer concentration for carbon nanoparticle 

after LPP supported on PA12 (Vestosint 1115), calculated from UV-Vis spectroscopy for the laser irradiated 

colloid compared to the permeate after colloidal additivation. Above 10 g/l a decrease in supporting efficiency 

was observed. Concentrations above 50 g/l lead to a significant decreased supporting efficiency to almost 60 % 

for 200 g/l, which could be attributed to an increasing viscosity of the polymer suspension. Furthermore, the 

concentration of PA12 powder has an influence on the pH (absolute value and temporal evolution) of the 

suspension, which might affect supporting efficiency. 
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A11 Comparison of ns- and ps-LPP of iron oxide 
 

 

 

 

Figure 25: Influence of the pulse duration on the fragmentation efficiency during LPP of iron oxide. Significant 

increase of efficiency from ns-irradiation to ps-irradiation: (a) PPI as a function of the specific energy dose, (b) 

slope of the PPI, (c) ADC Size distribution (mass weighted) of iron oxide nanoparticles after LPP compared to 

the educt size distribution (grey), and (d) corresponding characteristic particle diameters.  
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