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Abstract

:

In this study, the DED-LB/M process of AISI H11 tool steel powder blends modified by adding WC nanoparticles (WC-np) in concentrations of 1, 2.5 and 5 wt.-% was the object of scientific investigations. For this, 30-layer cuboid specimens were manufactured. The overall scientific aim was to examine how the WC-np interact with the steel melt and in the end, influence the processability, microstructure and mechanical properties of produced specimens. The examinations were carried out on both as-built and thermally post-processed specimens. An advanced microstructural analysis (SEM, EDS, EBSD and XRD) revealed that due to the high solubility of WC-np in the molten steel, most of the WC-np appear to have dissolved during the ongoing laser process. Furthermore, the WC-np favor a stronger distortion and finer grain size of martensite in the manufactured specimens. An increase in hardness from about 650 HV1 for the H11 specimen to 780 HV1 for the one manufactured using the powder blend containing 5 wt.-% of WC-np was observed in as-built conditions. In the same way, the compression yield strength enhanced from 1839 MPA to 2188 MPA. The hardness and strength increasing effect of WC-np remained unchanged even after heat treatments similar to those used in industry.
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1. Introduction


In industry, Directed Energy Deposition using Laser and Metallic Powder (DED-LB/M) is an already established manufacturing process for the repair and maintenance of cost-intensive functional parts. Examples include the repair of worn injection molds or forming tools [1,2,3], or the tip repair of turbine blades [4,5,6]. Besides that, DED-LB/M is industrially used as coating technology for the deposition of wear- and corrosion-resistant coatings on highly stressed functional parts in order to improve their mechanical properties and practical performance (e.g., increased life-time) [5,7,8]. Due to the ongoing improvement in and progression of system technology applied for DED-LB/M and the availability of CAD/CAM software for tool path planning, this laser-based manufacturing process becomes interesting for the Additive Manufacturing (AM) of complete, complex-shaped 3D parts with novel and outstanding characteristics. Therefore, first, several individual weld tracks were deposited parallel to each other in overlap configuration for generating a dense weld track layer. By welding several weld tracklayers on top of each other, a multilayer 3D part can be additively manufactured. However, the production of complete functional parts with application-relevant properties using the DED-LB/M process has so far mainly been carried out in a laboratory environment and has not been transferred to industrial series production by default. A very promising field of application of this technology is tool making [9].



Most studies are concerned with the processing of low-carbon steels. Examples of these are stainless steels [10,11,12] or maraging steels such as, e.g., Fe-19Ni-xAl [13], 1.6358 [14], or 1.2709 [15,16], which are considered to have good weldability due to their low carbon content and are therefore suitable for processing in laser-based Additive Manufacturing. Further works are investigating the processing of more traditional hot work tool steels such as AISI H13 [17,18,19,20] or AISI H11 [21] whose carbon content is between 0.3 and 0.4 wt.-% [22]. These steels are commonly used as materials for injection molds or forging dies in industry. For this purpose, they are usually produced by machining and applying a series of different subtractive manufacturing technologies followed by depositing a functional coating.



The processing of high carbon tool steels in the DED-LB/M process is limited to a few basic investigations [23,24,25,26,27,28]. The evaluation of microstructural and mechanical characteristics of DED-LB/M specimens and coatings made out of the high-speed steel 1.3343 (AISI M2, or AISI M4) was the object of a few scientific investigations carried out in [25,26,27,28]. In the scope of these investigations, the produced tool steel specimens showed promising mechanical properties after carrying out an appropriate thermal post processing similar to industrial application. The AM of complete tools in DED-LB/M for hot forming applications or injection molding is recently mostly limited to scientific trials [29,30,31]. Junker et al. [31] tested a forging from the hot work tool steel 1.2365 (AISI H10) under conditions close to industrial application. In the scope of testing the additively manufactured hot forging tool, it behaves similar to the traditionally fabricated tool standardly applied in series production. For example, the tool life was comparable to that of the series tool [31].



A very promising way for further optimizing and improving properties of tools additively manufactured in DED-LB/M provides the use of customized tool steel powder mixtures prepared prior to the laser process. Therefore, at least one type of nanoscale or microscale additive is added to a microscale matrix powder. For instance, nanoparticle-enriched metal powders, produced via mechanical alloying in a ball mill [32] or in a dry-coating process as presented in [33], offer the potential for the manufacturing of functional parts with enhanced mechanical and practice-relevant properties that overcome the performance of conventionally fabricated ones by far. The application of nanoparticle-enriched powder blends aims to improve mechanical properties via targeted adapting of the chemical composition or changing microstructural properties of manufactured parts, respectively.



The processing of nanoparticle-enriched powder blends using laser-based AM technologies such as Laser Powder Bed Fusion (LPBF) or DED-LB/M was the object of several scientific studies investigating different mixing ratios between nanoscale additives and microscale matrix powders. In this context, the majority of studies focused on the PBF-LB\M process. Thereby, the scientific aim was among others to identify and analyze the influence of the added nanoparticles on both the process ability as well as microstructural and mechanical characteristics of generated structures. A comprehensive overview about investigations carried out in this field can be found in [34].



Gu et al. [35] examined the impact of TiC nanoparticles on the microstructure and tensile strength of the aluminum alloy AlSi10Mg in the PBF-LB\M process. The study could prove that the high-melting TiC additives preferably disperse in the aluminum melt and act as additional crystallization nuclei during the melt pool cooling down and solidifying. This promotes grain refinement and leads to a significant increase in mechanical strength in comparison to the pure AlSi10Mg specimens.



The influence of ZrH2 nanoparticles on the process ability of the high-strength aluminum alloys EN AW 6061 and EN AW 7075 in PBF-LB/M has been investigated in [36]. By modifying the aluminum wrought alloy powders with ZrH2 nanoparticles, the susceptibility to hot-cracking can be lowered to an uncritical level. This can be attributed to the grain refinement induced by the high-melting ZrH2 additives dispersing in the aluminum matrix.



In [37], the processing of the case hardening steel powder 16MnCr5 enriched with C-np or WC micro particles was extensively examined. Through the modification of the 16MnCr5 with 0.3 wt.-% C-np, the hardness increased from about 337 HV5 for the pure 16MnCr5 specimen to about 458 HV5 for the one reinforced with 0.3 wt.-% C-np.



In DED-LB/M, the processing of nanoparticle-reinforced powder blends is limited to a few studies in which the impact of the nanoscale additives on microstructure and resulting mechanical properties is examined. However, the focus of these investigations was mainly put on coating applications with the aim to improve the wear-resistant behavior and increase the life-time of functional parts, e.g., [32,38,39,40,41,42,43].



In [38], the fabrication of TiC/Inconel 625 composites in the DED-LB/M process is extensively studied. In this context, both the mixing ratio between nanoscale additives and the microscale matrix powder as well as the particle size of the TiC nanoparticles varied. Because of grain refinement caused by the high-melting TiC nanoparticles, dispersing in the Inconel matrix, hardness, tensile strength and wear resistance enhanced and improved.



In [32], the influence of Al2O3, TiC and WC on the process ability and microstructural and mechanical characteristics of the steel 1.2365 was the focus of extensive scientific investigations. Depending on the type and amount of nanoparticles added to the steel powder, an increase in hardness and mechanical strength could be observed for coatings deposited, applying powder blends enriched with WC and TiC nanoparticles. Especially, the wear resistance of produced nanoparticle-reinforced 1.2365 structures improved significantly in comparison to the unmodified 1.2365 coatings [32].



In [41], the authors deal with the processing of a bainitic steel powder (bainidur) enriched with C-np and WC micro particles in varying concentration by means of DED-LB/M.



In [33], the DED-LB/M process of AISI H11 powder blends modified by adding C-np in concentrations of up to 0.5 wt.-% was studied. Thereby, the focus was set among others on the influence of the nanoscale carbon additives on Vickers hardness and mechanical properties evaluated in compression tests. Through the induced metallurgical changes (e.g., stronger distortion of martensite, higher amount of hardness and strength increasing precipitations (carbides)), both the hardness and yield strength of manufactured specimens were significantly enhanced compared to the unmodified AISI H11 builds. For instance, there was an increase in yield strength from 1839 ± 61 MPa for the pure AISI H11 specimens to on average 2134 ± 68 MPa for the ones made out of the powder blend containing additionally 0.2 wt.-% C-np.



In the present study, the processing of AISI H11 powder blends enriched with WC- nanoparticles (WC-np) in concentrations of 1, 2.5 and 5 wt.-% in DED-LB/M was the object of scientific investigations. Out of a scientific view, the aims were to investigate the processability and optimization of manufacturing parameters, revealing behavior of WC nanoparticles and their influence on microstructure (retained austenite content, grain size, etc.) and mechanical properties, in particular, the yield strength, before and after carrying out two different heat treatments similar to industrial application.




2. Materials and Powder Properties


2.1. Base Materials


In the present investigations, Argon (Ar)-atomized AISI H11 tool steel powder purchased from TLS Technik GmbH & Co Spezialpulver KG (Bitterfeld-Wolfen, Germany) was used as matrix material. As follows from SEM imaging (Figure 1a,b), the AISI H11 particles had a predominately spherical particle shape and a smooth particle surface. The effective particle diameter of the steel powder ranges from 5 µm to approximately 80 µm, according to particle size distribution studies carried out using a Camsizer system supplied by Retsch GmbH (Haan, Germany). The expected value d50% of the effective particle diameter was determined to be 41.4 µm.



In advance of the production of the WC-np-enriched AISI H11 powder blends, the chemical composition of the H11 powder was analyzed using two different measurement techniques. The content of chromium (Cr), molybdenum (Mo), manganese (Mn) and vanadium (V) was measured by examining the polished cross-section of particles embedded in resin using energy dispersive X-ray spectroscopy (EDS). In order to obtain statistically relevant results, several particles were included in these investigations. The carbon content of the steel powder was determined using the Elementrac CS-i analyzer from Eltra (Haan, Germany). The instrument, based on IR combustion spectroscopy, is predestined for the measurement of small, medium and large amounts of carbon in various metallic alloys.



Table 1 presents the chemical composition of the AISI H11 powder and steel substrates. The concentrations of the carbide formers Cr, V, Mo and Mn are in good agreement with the reference values for AISI H11 given in [22]. Additionally, the carbon content, which has a mean value of 0.345 wt.-%, falls within the limits defined in the material specification of AISI H11 [22].



As nanoscale additives, Tungsten Carbide nanoparticle (WC-np) powder from the company IoLiTec Ionic Liquids Technologies GmbH (Heilbronn, Germany) was purchased; cf. Figure 1c,d. As could be verified using SEM imaging, the particle shape of an isolated WC-np ranges from about 100 nm to approx. 200 nm. According to the powder provider, the particles were the pure WC phase and the chemical purity of the nanoparticle powder was with a value of at least 99.9% (very high).



For conducting the experiments, AISI H11 tool steel plates (h × w × t: 200 mm × 200 mm × 15 mm) were used. The substrates were purchased from the company HSM Stahl (Georgsgmünd, Germany). The substrates’ chemical composition was determined using Optical Emission Spectroscopy (OES). Table 1 presents the results of this measurement. The main alloying elements, Cr, V, Mn, Mo and Si, are consistent with the material specifications of AISI H11 [22]. The carbon content has a mean value of 0.39 wt.-%, which is close to the upper limit of carbon concentration permitted according to [22].




2.2. Preparation of WC-np-Enriched AISI H11 Tool Steel Powder Blends


For the preparation of WC-np AISI H11 powder blends, a multi-stage dry-coating approach was used. The dry-coating process was already developed and successfully evaluated in a previous study in which the processing of carbon black nanoparticles reinforcing AISI H11 powder mixtures was fundamentally proven [33,44]. Subsequently, the sub-processes involved in the dry-coating procedure are listed in bullet points.



	▪

	
To enhance powder flowability and decrease residual moisture, the microscale AISI H11 powder and WC nanoparticle powder were dried in a furnace under an Argon atmosphere at 100 °C for several hours.




	▪

	
Subsequently, the powder species were blended in the desired ratios utilizing a high-precision laboratory scale.




	▪

	
The powder mixtures were prepared via tumbling for at least 3 h using the Turbula-mixing device from Willy A. Bachhof Maschinenfabrik (Mutenz, Switzerland).




	▪

	
In the final stage, the WC-np-enriched AISI H11 powder mixtures underwent a second sieving process using a 100 µm mesh sieve to eliminate larger powder agglomerations that may form between smaller AISI H11 particles and WC-np during the tumbling process. This additional sieving step is crucial for producing WC-np-enriched AISI H11 powder blends with adequate flowability. Note that the second sieving process may result in a loss of WC-np in the prepared powder mixtures, which may cause the final WC-np content to differ slightly from the desired concentration (as shown in Table 2).







The adhesion of the WC-np to the surface of the microscale tool steel particles can be traced back to van der Waals forces (surface tensions) acting between the WC-np and the surface of the microscale AISI H11 particles. As exemplarily shown in the SEM images in Figure 2a–f for the prepared WC-np-enriched powder blends, the applied dry-coating process is applicable for achieving an approximately homogenous distribution of the WC-np onto the surface of the AISI H11 particles. However, small WC-np agglomerates with a mean size of 300 nm, but reaching about 1 µm in size, are formed on the surface of the microscale particles, in particular, with an increasing amount of WC-np added; see, e.g., Figure 2f.



A total of four AISI H11 powder blends with different concentrations of WC-np (1; 2.5; 5; 7.5 wt.-%) were produced in the manner described above. For each mixing ratio, a total of 2 kg of powder was prepared. However, only 0.5 kg could be made per one tumbling process.



After the dry-coating process was completed, the WC-np-enriched AISI H11 powder blends were analyzed using Eltra’s CS-analyzer to determine the actual carbon content. By matching with the carbon content in the pure AISI H11 powder and the theoretically maximum carbon concentration without sieving losses (Ccarbon, ideal), the actual WC content (CWC-np, estimated) in the powder samples can be determined in wt.-% through simple stoichiometric extrapolation. Table 2 presents the measured total carbon content of prepared powder blends and the estimated WC-np content after carrying out the second sieving process.




2.3. Influence of WC–np on Powder Flowability


Prior to the DED-LB/M process, the powder feeding line, which represents the relationship between the powder mass flow and the rotation per minute (rpm) set on the metering plate of the powder feed unit, must be determined individually for each prepared powder mixture. In this way, suitable operating parameters for the powder feeder can be derived in terms of the flowability of the tool steel powder mixture being processed. In addition, the powder feeding line provides initial information on the influence of the WC-np on the flowability. In the case of high flowability, a strict linear relationship between the powder mass flow and the speed of the feeder plate and a small standard deviation of the individual measured values are expected. Conversely, as the flowability of the powder decreases, the measured powder feeding curve tends to deviate from a linear relationship and the standard deviation increases significantly.



By analyzing the powder feed curves shown in Figure A1, it can be seen that there is a linear relationship between the powder mass flow and the number of rotations per minute set on the dosing plate of the powder feeder. It can also be seen that the flowability gradually decreases as the amount of WC-np in the prepared tool steel powder mixture increases. This is evident from the decrease in the slope of the regression lines shown in Figure A1. Only for small amounts of WC-np (≈1 wt.-%) does the flowability of the modified powder mixture appear to be comparable to that of pure AISI H11 steel powder. However, up to and including 5 wt.-% of WC-np, the adjusted powder mass flow is homogeneous and reproducible, which is essential for achieving a stable DED-LB/M process.



For tool steel powder mixtures with a WC-np concentration equal to or greater than 7.5 wt.-%, the powder feeding process becomes inhomogeneous and clogging of the powder feeding line occurs frequently. The poor flowability for these mixtures can be seen in the significantly larger standard deviations of the measured powder mass flows; cf. Figure A1. Therefore, the following investigations will focus exclusively on AISI H11 powder blends enriched with a maximum WC-np concentration of 5 wt.-%.





3. System Technology, Process Parameters and Experimental Methods


We used a 5-axis (x, y, z, A, C) DED-LB/M machine (TLC 3008) from Trumpf GmbH + Co. KG (Ditzingen, Germany). The system is equipped with a cw disk laser (Tru Disk1000) emitting laser light with a maximum output power of 1 kW at a wavelength of 1030 nm. The intensity profile follows a super-Gaussian function, which is typical for this type of laser source. The laser processing head consists of a fiber plug, a movable collimating lens, a fixed focusing lens, a protective glass and a triple-jet powder nozzle. A rotating disc powder feeder with two hoppers is used to feed the metal powder. Helium was used as the carrier gas and the gas flow rate was fixed at 8 l/min. The distance between the powder nozzle and the substrate (working distance, stand-off distance) was set to a constant value of 11.5 mm. For minimizing the effect of oxidation on the processed tool steels, Argon was used as a shielding gas at a constant flow rate of 20 l/min. In addition, all experiments were performed with a constant laser beam diameter of 1.5 mm.



Figure 3 illustrates the experimental procedure used for the layer-by-layer manufacturing of cubic samples consisting of multiple weld track layers. A comprehensive description of the procedure for the Additive Manufacturing of multilayer test specimens can be found in [44]. In a first step, individual weld tracks were deposited on the AISI H11 substrates using different sets of process parameters. Based on the quality and metallurgical properties (e.g., width, height, aspect ratio, dilution zone/welding depth, etc.) of the single weld tracks produced, the range of process parameters for the production of 1-, 4- and 10-layer cuboidal specimens with an edge length of approximately 15 mm was deviated. Among other things, the aspect ratio (width/height) of individual tracks served as a first criterion for the selection of suitable parameters for the production of multi-layer specimens. Furthermore, only parameter combinations were considered that could produce weld tracks with negligible residual porosity and an excellent weld metallurgical bond to the substrate. For producing 1-, 4- and 10-layer specimens, the laser beam power P was varied between 500 and 1000 W in increments of 100 W, and two different powder mass flows (2.7 ± 0.1 g/min; 3.7 ± 0.1 g/min) were investigated for each investigated AISI H11 powder blend. Table 3 gives an overview of process parameter combinations investigated. At this point, it has to be mentioned that the investigated process parameter combinations are also applicable for producing multilayer specimens with promising characteristics from AISI H11 powder mixtures modified through the addition of carbon nanoparticles; see [44].



Figure 4 shows a sketch of the bidirectional deposition strategy applied for the AM process of multi-layered builds. The hatch distance that corresponds to the distance of two parallel aligned and overlapped single weld tracks was adjusted to the half single track width, which was measured via OM in advance.



At this stage, it should be noted that all combinations of process parameters are applicable to the production of almost fully dense multilayer specimens made from both unmodified AISI H11 powder and AISI H11 powder blends enriched with carbon black nanoparticles [18,44].



The 10-layer specimens were later examined for porosity and defect assessment. To this end, the samples were first prepared into polished vertical sections using a standard metallographic procedure involving grinding, lapping and polishing. The next step was to produce spatially resolved microscope images of the full sample cross-sections, which were successively analyzed in terms of pixel brightness. A value for relative density could then be estimated from the ratio of the number of bright pixels to the total number of pixels considered in the evaluation process [44]. Based on the relative density evaluation, the set of process parameters for the production of 30-layer samples was derived from the prepared powder mixtures. As described in detail below, these samples were then used for thermal post-processing, an advanced microstructural analysis and the determination of mechanical properties via compression testing.



In total, eighteen 30-layer specimens were produced for each np-enriched AISI H11 powder blend. Of these specimens, 12 were thermally post-treated using two different heat treatment strategies (S1-HT, S2-HT) close to an industrial use case. A detailed description of the used heat treatments (S1-HT, S2-HT) can also be found in [44]. The remaining six specimens were then further investigated in their as-received condition.



In advance to the thermal post processing, the steel plates on which the builds were deposited were machined to form specimens consisting of the 30-layer test specimen and a cuboidal piece of the tool steel substrate (Figure 3 (right)). To ensure that the thermal boundary conditions for all the specimens during the heat treatments were approximately the same, they had approximately the same mass and a very similar geometry after machining.



In order to identify and investigate the impact of thermal post processing on the resulting microstructural and mechanical characteristics, two different heat treatment strategies were carried out. The first heat treatment strategy investigated (S1-HT) corresponded to a single tempering process in an air atmosphere at a holding temperature of approximately 580 °C for a period of 2 h. This procedure corresponds to the heat treatment already used in [18,44] for the thermal post-treatment of specimens made of carbon-nanoparticle-enriched AISI H11 powder blends.



The second heat treatment (S2-HT) is a two-step process. In the first stage, the specimens are austenitized in an air atmosphere at 1080 °C for 12 min and then quenched in an oil bath. After hardening, the samples are tempered once in the second stage using the same parameters as for S1-HT. S2-HT is very close to the industry standard for the thermal post processing of AISI H11 or similar steels. Furthermore, S2-HT has already been investigated in previous work on the thermal post-treatment of multilayer AISI H11 parts produced in DED-LB/M [18,44]. Optical Emission Spectroscopy (OES) was used to determine the chemical composition of the prepared samples using the Spectro-Lab10 instrument from Spectro AMETEK (Kleve, Germany).



To obtain statistically acceptable results, each prepared specimen was measured three times (Figure 5b). The measured chemical compositions are required, among other things, for the later evaluation and reconstruction of the XRD diagrams using the Rietveld method; see below.



For the microstructure analysis using OM and SEM imaging, the first step was to etch the polished cross-sections of the manufactured samples using a V2A etchant containing HCl, H2O and HNO3. This etchant is particularly suitable for the analysis of martensitic steels and the visualization of grain and fusion boundaries for OM and SEM.



In addition to OM and SEM imaging, EDS area and line scans were carried out to measure the local chemical composition and to obtain an idea of the spatial distribution of the main alloying elements and carbide formers, chromium (Cr), molybdenum (Mo), manganese (Mn), vanadium (V) and tungsten (W), particularly in the interdendritic spaces and at the grain boundaries. Both electron backscatter diffraction (EBSD) and X-ray diffraction (XRD) studies have been carried out to gain an in-depth understanding of how the WC-np added to the AISI H11 powder affect the microstructural properties. The investigations focused on the occurrence of metallurgical phases, in particular, the retained austenite (RA) content, domain (crystallite) size and grain size of martensite and RA.



For EBSD examination, it is necessary to polish the cross-section by applying a fine acidic alumina suspension containing particles about 100 nm in size. The Gemini II field emission scanning electron microscope from Carl Zeiss Microscopy GmbH (Jena, Germany), equipped with an Oxford Technologies EDS detector, was used for SEM imaging, EDS mapping and EBSD investigations.



In contrast to EBSD, which is usually used to analyze small areas, XRD allows larger areas and sections to be examined. In this way, a mean value of the RA content and the crystallite size (domain size) of RA and martensite/ferrite can be obtained by evaluating the diffraction pattern. XRD measurements were performed using a Philips X’Pert MRD (Amsterdam, the Netherlands). For the experiments, the diffraction angle 2θ was varied between 25° and 125° with a step size of 0.03°. A total of three individual measurements were taken for each sample at predefined measurement positions (bottom, center and top) to determine the concentration of RA content as a function of sample height. Each rectangular measuring area had a length, l, of 6 mm and a width, b, of 3 mm; cf. Figure 5a. The RA content as well as the domain size of RA and martensite were obtained based on the Rietveld approximation. This method offers the possibility of modelling and reconstructing the complete diffraction diagrams using the least squares method. The post-processing of the raw data and the evaluation, including all the mathematical and numerical operations necessary for the modelling of the diffraction diagrams, were performed directly in the Bruker Topas software (version 4.2). The diffraction peaks of individual phases are described using pseudo-Voigt functions. In addition, the dependence of the full width at half maximum on the diffraction angle was considered, as suggested in [46,47]. The background in the diffraction diagram was modelled using Chebyshev polynomials. Apart from that, all preferred orientations were reconstructed with spherical surface functions as presented by Järvinen et al. [48].



In the Rietveld method, the diffraction patterns were reconstructed using the same structures used in [44]. The following structures were used:




	
Austenite, space group 225, face-centered cubic (fcc);



	
Ferrite, space group 229, cubic-body-centered (bcc);



	
Martensite, space group 139, tetragonal-body-centered.








As suggested in [44], the crystallite size (domain size) of martensite and RA can be determined by analyzing the influence of the WC-np on the full width at half maximum (FWHM). A broadening of the FWHM of individual peaks is due to either a decrease in domain size or an increase in micro-stress within the crystallites. The RA content and the domain size of RA and martensite were then obtained as model parameters of the Rietveld approach directly in the software.



Hardness measurements were made on polished cross-sections using the HP30S Vickers Hardness Tester from Hegewald & Peschke (Nossen, Germany). The instrument has an automatic x, y linear stage and allows for performing high-spatial-resolution hardness distribution measurements; cf. [44].



Compression tests were conducted following DIN 50106 to investigate the impact of added WC-np on compression properties. The Quasar 100 universal testing machine from Galdabini (Cardano al Campo, Italy) was used for this purpose. As depicted in Figure 5c, the cuboid specimens underwent a series of subtractive manufacturing processes, including wire-EDM, turning and circular grinding, to transform them into cylindrical compression specimens with a diameter of 6 mm and a height of 9 mm. The material testing was conducted under a maximum compression force of 100 kN, which corresponds to the maximum load capacity of the universal testing machine. The compression rate was set to a constant value of 5 mm/min, which is an empirical value. The Y0.2% compressive yield strength, maximum compressive stress and maximum achievable strain were determined by examining and evaluating the recorded stress–strain curves. To ensure statistical significance, five specimens were tested and characterized for each steel powder mixture and heat treatment condition (as-built, S1-HT and S2-HT).



The procedure described above for determining the compressive properties was already used in [44] for carbon-nanoparticle-reinforced AISI H11 specimens.




4. Results and Discussion


4.1. Influence of WC-np on Relative Density and Chemical Composition


Irrespective of the tool steel powder mixture processed and therefore the amount of WC-np added, 10-layer test specimens with a residual porosity of less than or equal to 0.5% could be produced for all combinations of process parameters investigated.



In selecting a suitable set of process parameters for the production of the 30-layer specimens, the geometric dimensional accuracy of the specimens was another criterion in addition to high relative density (ρrel). In order to focus the investigations on the impact of WC-np on microstructure and resulting mechanical characteristics, in the end, all specimens were manufactured with the same set of process parameter combinations. Independently, on the processed AISI H11 powder blend, a promising compromise between high relative density (>99.5%) and an adequate geometric dimensional accuracy of manufactured specimens was achieved at a laser power of 600 W, a feed rate of 400 mm/min and a powder mass flow rate of 2.7 ± 0.1 g/min; cf. polished cross-sections in Figure 6.



Prior to the analysis of microstructure and the determination of mechanical properties, the chemical composition of manufactured 30-layer specimens was obtained by means of Optical Emission Spectroscopy (OES). Table 4 shows the measured chemical compositions of generated tool steel specimens.



Comparing the total carbon content of the powder blends (Table 2) with the carbon concentration of the 30-layer specimens produced using the WC-np-enriched AISI H11 powder blends (Table 4), it is clear that there is a loss of carbon in the DED-LB/M process. The loss of carbon can ultimately be attributed to a loss of WC-np during the transport phase of the powder blends from the powder feeder to the laser-induced melt pool. In particular, larger agglomerates consisting of a few WC particles, as shown in the SEM and ASB images in Figure 2e,f, detach more easily from the surface of the microscale AISI H11 particles during the transport phase than is the case for small isolated WC particles. The reason for this is that the electrostatic force (van der Waals force) responsible for the adhesion of the WC nanoparticles to the surface of the AISI H11 particles decreases significantly with an increasing effective particle diameter and mass of the WC-np agglomerates. On the other hand, carbon loss through evaporation of the WC nanoparticles introduced into the process is excluded due to the high boiling temperature of WC of about 6000 °C.



In order to demonstrate at which point in the powder conveying line the WC particles detach from the surface of the AISI H11 particles, random samples were taken at two predefined positions for each powder mixture investigated. The samples were taken after passing the exit of the powder nozzle and from the powder overspray that accumulates on the substrate surface during the ongoing laser process. The carbon content of the collected samples was then determined using the Elementrac CS-I Analyzer from Eltra GmbH (Haan, Germany). By comparing these readings with the measured carbon content of the starting powders and the produced tool steel samples, it is possible to determine where exactly the loss of WC particles occurs. Table 5 summarizes the results of these investigations.



For all WC-enriched powder blends, the loss of WC-np along the conveying path until the powder particle jet exits the nozzle outlets still appears to be moderate. As can be seen from Table 5, the measured carbon values differ only slightly between the initial powder and the extracted samples (direct after nozzle outlet). Furthermore, the loss of WC-np up to this point is not subject to large variations, as shown by the small standard deviations of the measured carbon contents.



Consequently, the loss of WC-np must occur during the flight phase of the particles from the nozzle exit into the melt pool or during the laser–material interaction. This is confirmed by comparing the measured carbon content after passing the nozzle outlet with the carbon concentration of the collected powder overspray and the fabricated test specimens. For all WC-np-enriched powder mixtures, the measured carbon content of the overspray was noticeably lower than that of the random powder samples taken immediately after the nozzle outlet, and at the same time higher than the measured carbon content of the manufactured specimens. Furthermore, the loss of WC-np enhances with increasing WC-np content added to the AISI H11 powder. However, the loss of WC-np in the ongoing DED-LB/M process appears to be reproducible for all the WC-enriched H11 powder blends investigated, as indicated by the moderate standard deviations of the measured values presented in Table 5.



For a better understanding of the detachment process of the nanoparticles during the flight phase, it is planned to characterize the powder particle jet for the WC-np-enriched blends with a high speed optical camera setup, as proposed and used in [14] for the characterization of the powder jet caustic.




4.2. Influence of WC-np on the Microstructure of Manufactured Specimens


By analyzing chemically etched cross-sections of the generated specimens in as-built conditions using SEM imaging, at the first look, no significant differences of the resulting microstructure with respect to the WC-np content added can be verified; see Figure 7.



Due to the small melt pool volume and the process-specific high cooling rates, a fine-grained and locally inhomogeneous dendritic microstructure formed in both the pure AISI H11 specimen and the specimens made from the WC-np-enriched AISI H11 powder blends. Independent on the powder mixture processed, a fine needle-like internal structure can be seen within the dendrites. This characteristic structure is most likely martensite with an additional small amount of a ferritic phase (e.g., bainitic ferrite) and retained austenite (RA) (see also XRD and EBSD measurements below).



In addition, as demonstrated using EDS area scans, an accumulation of the main alloying elements and carbide formers Cr, Mo, Mn and V was detected in the interdendritic regions or at the grain boundaries independently on the powder mixture examined (see, e.g., Figure 8). In contrast, the iron (Fe) content appears to be reduced and the carbon concentration slightly increased in these areas; cf. Figure A2 and Figure A4. This indicates the formation of hardness- and strength-enhancing carbides, in particular, Cr and Mo mixed carbides of type M7C3 or M23C6 and VC and Mo2C special carbides. These observations are also in good agreement with the results of others who have investigated the processing of AISI H11 or similar hot work tool steels using laser-based Additive Manufacturing processes such as LPBF-M [29] and DED-LB/M [10].



The extensive examination of the samples produced using SEM imaging and EDS mapping revealed only a few local clusters of tungsten (W) and, at the same time, carbon at the grain boundaries (interdendritic spaces), indicating the presence of WC or W2C precipitates; cf. Figure 8, Figure A2 and Figure A4. On the contrary, it appears that most of the tungsten is homogeneously and finely distributed in the steel matrix through solid solution formation; cf. Figure 8, Figure A2 and Figure A4. For the few detected tungsten clusters, the local tungsten content measured using EDS increased compared to the matrix (Figure A2). The tungsten clusters/particles typically have an average size between 300 nm and 1000 nm. They are therefore larger than the originally added WC-np. This points out that these particles are interdendritic WC precipitates formed as the melt pool cools down and solidifies.



According to [27,30,31], the solubility of WC in iron/steel is high. Tungsten Carbide begins to dissolve at temperatures below the solidus temperature of steels. As reported in [31], up to 7% by weight of WC can be dissolved in the iron matrix at a temperature of around 1250 °C. With increasing temperature, the solubility of WC in iron (steel) continues to increase and reaches its maximum when the steel is molten and the melt is heated up using absorbed laser energy. Due to the high solubility of WC in steel, combined with the high surface area to volume ratio of the nanoscale WC additives and the low number of detected tungsten clusters, it can therefore be assumed that most of the initially added WC-np are dissolved in the steel melt during the laser process. After the cooling and solidification of the melt pool, most of the tungsten is homogeneously distributed in the solidified AISI H11 matrix, forming a solid solution. In contrast, it seems that only a small proportion of the dissolved tungsten is re-excreted as interdendritic WC or W2C precipitates (special carbides). This conclusion is also in good agreement with the findings of the authors of [17], who investigated the processing of WC-np-reinforced 1.265 steel powder in DED-LB/M. According to [17], most of the initially added WC-np are dissolved in the steel melt and only a small fraction of the dissolved tungsten is re-precipitated in the form of carbides at the grain boundaries.



Due to the high melting temperature of WC of approximately 2800 °C, it seems unlikely that the overall melt pool temperature is high enough to achieve complete melting of the nanoscale additives. If this had been the case, the evaporation temperature of the alloying element Cr (Tevap = 2482 °C) would have been reached at the same time. This would probably have resulted in a measurable deviation in concentration between the powder material and the manufactured test specimens. However, such a deviation could not be detected within the metrological capabilities. Therefore, melting of the added WC-np in the melt pool does not appear to be the dominant effect.



It should be noted that the individual WC particles are unlikely to dissolve completely in the laser-induced melt pool. There is some likelihood that a small solid core, a few nm in size, of the original WC particle will remain. In addition, it cannot be ruled out that nanoscale WC precipitates are also formed during the solidification of the melt pool due to the high cooling rates inherent in the process. In both cases, these particles would not be detectable due to the lack of resolution of the methods applied. Further investigation, such as Transmission Electron Microscopy (TEM), would be required to detect such small precipitates.



The examination of the microstructure using SEM and OM as a function of specimen height reveals slight local differences in the internal structure for all specimens in the as-built condition (Figure 8 and Figure 9).



Looking at the low-magnification microscope images of chemically etched specimen cross-sections shown in Figure 9a–d, two characteristic regions appear independently on the investigated tool steel powder mixture. The lower part of the manufactured specimens appears to be over-etched and dark in color. This indicates the presence of multiple re-austenitized, quenched and tempered martensite. In contrast, the middle and top sections appear as bright areas in the microscopic images. This indicates freshly formed martensite. As already reported by others who have investigated the processing of AISI H11 or similar hot work tool steels in DED-LB/M, these layer-dependent microstructural differences result from a kind of in-process heat treatment during the AM process [10,11,18].



As shown schematically for the red curve in Figure 10, the lower layers of the weld seam are melted, re-austenitized and rapidly cooled down below the martensite starting temperature (Ms) several times at the beginning of the manufacturing process.



As a result, these lower layers are subject to severe thermal cycling. When the AM process progresses, thermal energy is continuously introduced into the built-up structure as weld tracks are deposited next to and on top of each other. The consequences include an increase in the average interlayer temperature and a decrease in the local temperature gradients and cooling rates at the surface. Depending on the set of process parameters, the absorbed laser energy, the deposition strategy and the prevailing thermal and geometrical boundary conditions, the interlayer temperature can reach an average value of the order of or above Ms of the tool steel powder being investigated. Once this occurs, the transformation from austenite to martensite can no longer take place during the ongoing AM process; see the orange curve in Figure 10. Consequently, the phase transformation from austenite to martensite will not take place until the manufacturing process has been completed and the entire sample volume has been rapidly cooled down (quenched) below Ms.



As shown by the orange curve in Figure 10, the process-specific in situ heat treatment means that, in addition to martensite, ferrite or bainite is very likely to be present proportionally in the microstructure. The volume fraction of ferrite (bainitic ferrite) in the microstructure essentially depends on how long the average temperature of the deposited weld track layer remains above the martensite starting temperature. Since the formation of the intermediate bainite structure is based on diffusion processes, a correspondingly long time is required for complete transformation. The production time for a 30-layer steel sample was approximately 45 min. Considering the time–temperature transformation diagram of the starting material AISI H11, as shown schematically in Figure 9, a proportion of ferrite or bainitic ferrite (presumably lower bainite) should be present in the microstructure, at least in the middle part of the specimens. However, due to the limited production time, it can be assumed that the volume fraction of these phases is lower than that of martensite. It should be noted that a quantitative statement about the martensite to ferrite ratio, or the extent to which lower or upper bainite is formed, cannot be made without precise knowledge of the temporal evolution of the average interlayer temperature, which in turn depends on the shape and size of the manufactured component and may vary.



In order to gain an in-depth understanding of how the added WC-np influence the microstructure, XRD and EBSD investigations were carried out. The main objectives were to investigate and identify their effect on the RA content, crystallite (domain) size and grain size of the detected phases.



Figure 11 shows the measured diffraction plots and the Rietveld reconstruction for the lower region of the specimens in the as-built state. Irrespective of the sample examined, the diffraction diagrams could be reconstructed correctly using the Rietveld method; cf. Figure 11b–d.



For all samples, diffraction peaks were detected at the reference positions of RA and ferrite or martensite. On the contrary, no diffraction peaks were detected at the reference positions of alloy-typical carbides. For example, Cr-Mo mixed carbides of type M7C3 or M23C6 are at least semi-coherent with the steel matrix and have a similar lattice structure to martensite and ferrite (α-Fe). Therefore, they cannot be clearly identified in the diffraction patterns as their reflections overlap with those of α-Fe. The primary carbides, VC (cubic) and Mo2C (hexagonal), which are typical of AISI H11, can only be found in small amounts of less than 1%; see chemical composition measurements in Table 4. This is below the detection limit of the XRD setup used. In addition, no peaks could be detected at the reference positions of WC (hexagonal), which would be incoherent with the AISI H11 steel matrix. This indicates either that the concentrations of WC precipitates in the samples analyzed must be less than 1 vol.-% or that the WC particles are extremely small (a few nm in size) and cannot be detected using the measurement technique.



Diffraction peaks at the reference positions of RA and ferrite or martensite were detected for all samples. Conversely, no peaks were identified at the reference positions of alloy-typical carbides. For example, Cr-Mo mixed carbides of type M7C3 or M23C6 are at least semi-coherent with the steel matrix and have a similar lattice structure to martensite and ferrite (α-Fe). Therefore, their reflections overlap with those of alpha-Fe and cannot be clearly identified in the diffraction patterns. The primary carbides, VC (cubic) and Mo2C (hexagonal), which are typical of AISI H11, are only present in small amounts of less than 1 vol.-%. This is below the detection limit of the XRD setup used. In addition, no peaks of WC (hexagonal) could be detected at the reference positions, which would be incoherent with the AISI H11 steel matrix. This indicates either that the concentrations of WC precipitates in the samples analyzed must be less than 1% by volume, or that the WC particles are extremely small (a few nm in size) and cannot be detected using the measurement technique.



As can be seen from a closer consideration of the diffraction diagrams shown in Figure 11b–d, the peaks at the reference positions of ferrite and martensite could not be clearly separated from each other. The reasons for this are the large peak widths and the limited measurement resolution of the XRD equipment. However, it was found that Rietveld regressions better describe the original diffraction patterns when both martensite and ferrite phases are included in the reconstruction. Without considering the ferrite peaks, the Rietveld fit of the spectra deviates significantly from the series data. This indicates that both martensite and ferrite phases are likely to be present in the microstructure of the samples examined.



The observed ferrite reflections most likely indicate the presence of bainitic ferrite, considering that bainite corresponds to dislocation-rich ferrite surrounded by cementite (Fe3C, iron carbide). This would also be consistent with the in-process heat treatment theory described above. A precise quantification of the phase fractions is not possible due to the high correlation between the scaling factors of martensite and ferrite. However, as the reflections of RA are single peaks, see Figure 11b–d, this is not necessary for the determination of the RA content.



Both the unmodified and the WC-np-enriched AISI H11 specimens have the same martensite, ferrite and RA peaks. As it was the case for carbon-nanoparticle-reinforced AISI H11 samples [44], a total of 10 martensite, 5 ferrite and 5 RA peaks were detected and applied to fit and reconstruct the diffraction patterns. Table A1 in Appendix B gives an overview of the martensite, ferrite and RA reflections considered with the corresponding Miller indices.



However, the intensities and full width at half peak (FWHM) of individual reflections seem to be dependent on the concentration of nanoscale WC additions. By analyzing the intensities of RA peaks of the same spatial orientation (same Miller indices), the trend is apparent that a higher WC-np content favors higher RA peak intensities and leads to a stabilization of the high-temperature austenitic phase in the tool steel specimens. In contrast, the peak intensities of martensite and ferrite tend to decrease as the amount of WC-np added increases. These observations can be attributed to the fact that more carbon is present in the WC-enriched samples due to the dissolution of the added WC-np in the molten steel during the laser process. As the additional dissolved carbon acts as a strong austenite former, the formation of austenite is ultimately favored at the expense of ferrite and martensite in the WC-np-enriched samples. A higher total carbon and tungsten content in the steel sample leads to a decrease in both the martensite transformation temperatures and the austenitization temperature. In combination, both effects cause a stabilization and higher concentrations of RA in the WC-np-enriched samples compared to the pure AISI H11 sample.



Figure 12a shows the mean values of the RA content for the as-built and heat-treated tool steel specimens with respect to the total carbon content (and estimated WC-np content) of specimens.



The mean value of the RA content of the as-built specimens increases from 9.5 ± 2.8 vol.-% for the pure AISI H11 specimen [44] to 10.1 ± 3.2 vol.-% for the specimen made from powder mixture No. 1 (1 wt.-% of WC-np). For the sample made from mixture No. 2 (2.5 wt.-% of WC-np), the value corresponds to 11 ± 3.5 vol.-% and to a maximum value of 14.1 ± 3.6 vol.-% for the sample made from mixture No. 3 with the maximum total carbon content or WC-np content, respectively. The increase in RA content as a function of total carbon content can be approximated with a linear or exponential trend.



The large standard deviations of the mean RA content, in the order of more than 20%, indicate a dependence of the RA content on sample height or measurement location. The local measurements of RA content shown in Table 6 confirm this assumption. For all samples, the minimum RA content was found for the lower area (bottom). As the height of the specimen increases, the RA content appears to decrease, reaching its minimum in the middle and upper part of the manufactured specimens. The dependence of RA content on the measurement location observed for all the samples studied can be attributed to the in-process heat treatment of the lower weld layers, including severe thermal cycling and multiple re-melting and re-austenitization of the deposited welds, especially at the beginning of the AM process.



Figure 12b,c show the mean values of the domain size of martensite and RA of analyzed tool steel samples as a function of the total carbon content in as-built conditions and after carrying out thermal post processing. The domain size of martensite appears to decrease as the amount of WC-np added to the host powder increases. For the unmodified AISI H11 specimen, the mean value of the domain size of martensite is 330 ± 61 Å [44] and decreases to a smaller mean value of 290 ± 75 Å for the specimen made with powder mixture No. 1 (+1 wt.-% of WC-np). For the specimen made with powder mixture No. 2 (+2.5 wt.-% of WC-np), the mean value of the martensite domain size reaches 234 ± 64 Å. Finally, the smallest value of 220 ± 21 Å is obtained for the specimen with the maximum WC-np content of 5 wt.-% (mixture No. 3). As follows from Figure 12c, the decrease in martensite domain size as a function of total carbon content can be fitted with a first-order exponential decrease.



Contrary to the crystallite size of martensite, the domain size of RA increases with an increasing amount of WC-np added to the AISI H11 host powder. The increase in RA domain size with respect to the total carbon content can be empirically estimated using a linear or exponential model function; see Figure 12b. For the unmodified AISI H11 sample, the mean value of the RA domain size is 175 ± 71 Å [44] and increases slightly to 184 ± 58 Å for the sample made from powder mixture No. 1 (+1 wt.-% of WC-np). As the amount of WC-np added increases, the domain size of RA continues to increase and reaches a mean value of 228 ± 24 Å for the sample manufactured using mixture No. 2 (+2.5 wt.-% of WC-np). The maximum domain size is found for the sample with the highest content of WC-np or total carbon content, respectively. This maximum value is 361 ± 100 Å.



The increase in austenite domain size is due to the increased carbon content resulting from the dissolution of the added WC-np in the melt pool during the ongoing laser process. This is accompanied by a corresponding increase in the volume fraction of retained austenite. Therefore, due to the higher RA content, the likelihood of blocky RA forming in the sample made from the WC-np-enriched powder blends also increases. In contrast, the smaller martensite domain size measurements indicate a finer martensite (ferrite) in the WC-np-enriched AISI H11 samples. Consequently, it can be concluded at this stage that the WC-np tend to favor the formation of finer martensite grains within the dendrites.



However, it is important to note that the domain size measured using XRD does not necessarily equate to the grain size of martensite in the traditional sense. Instead, the domain size refers to the area within a grain where the lattice planes are parallel to each other, resulting in reciprocal lattice vectors with the same orientation (Miller indices). Nonetheless, small domain size values can be a strong indication of the presence of finer grains, unless there is a dominant preferential direction of crystal orientation. To identify and quantify the influence of WC-np on grain size and confirm the results of the XRD studies, EBSD measurements were carried out on the unmodified AISI H11 specimen and the specimen produced with a maximum WC-np content of 5 wt.-% (mixture No. 3). The focus was on the specimens in the as-built condition.



Figure 13a,b show the phase fractions of RA (FCC) and martensite (BCC) and the inverse pole figures for both the specimen made from the pure AISI H11 powder and the one made from powder mixture No. 3 with the maximum WC-np content. The exemplary measurements shown were taken at the center position of both samples.



The AISI H11 sample was not modified. Its RA content was approximately 1.1 vol.-% [44]. However, the sample from mixture No. 3 (5 wt.-% of WC-np) had a significantly higher RA content of 4.3 vol.-%. Further EBSD measurements were conducted in the lower middle and upper regions of the tool steel samples, which confirmed this correlation. These results are in good agreement with the XRD results. The average RA content of the pure tool steel sample was measured to be between 1 and 2 vol.-% [44], while the RA values for the mixture No. 3 (5 wt.-% of WC-np) sample averaged between 4 and 5 vol.-%. The electron backscatter diffraction (EBSD) analysis also revealed a slight tendency for the RA content to vary depending on the location, with higher values in the bottom areas.



By comparing the inverse pole figures of the pure AISI H11 sample with those of the specimen manufactured using mixture No. 3, no preferred directions of crystallite orientation were observed. The crystallites in both samples have more or less the same spatial orientations (Miller indices). The XRD measurements also support this finding, as a clear preferred orientation of the crystallites could not be identified.



However, the WC-np have a tendency to influence the grain size. The specimen made from powder mixture No. 3 (maximum WC-np content) has a finer grain structure compared to the AISI H11 specimen, as shown in Figure 13. To quantify the martensite grain size, the EBSD data were further processed and evaluated. Figure 14a–d display the area-weighted fraction distribution of the cross-sectional martensite grains examined for the pure AISI H11 sample and the one made from mixture No. 3 (5 wt.-% of WC-np). The analysis was conducted for two different threshold angles (low-angle grain boundaries ≤ 10°; high-angle grain boundaries ≤ 15°).



The bar plots in Figure 14 show that adding WC-np to the AISI H11 powder promotes the formation of martensite grains with smaller cross-sections. This is indicated by higher values of the area-weighted fraction for small grain cross-sections, as found for both low angle (≤10°) and high angle (≤15°) grain boundaries. Table 7 summarizes the results of the EBSD grain size analysis, including the number of grains considered and the mean values of the martensite grain cross-sections. The EBSD measurements confirm the results of the XRD analysis, indicating that the added WC-np used to modify the initial AISI H11 hot work tool steel powder favor grain refinement, resulting in a finer martensitic or ferritic structure.



There are probably several overlapping reasons that explain the finer martensitic structure with increasing WC-np content. As discussed at the beginning of this section, due to the high solubility of WC in the molten steel, the majority of the introduced WC nanoparticles appear to initially dissolve partially or completely. This makes more carbon available for the precipitation of hardness- and strength-enhancing carbides during the cooling and solidification of the laser-induced melt pool. In particular, the high-melting special carbides VC and Mo2C of AISI H11 and WC-np, which are likely to be re-precipitated from the melt during solidification in small amounts, favor the formation of a finer microstructure by inhibiting the growth of primary austenite grains. Due to the process-specific high cooling rates, this effect could be further enhanced through the precipitation of very small WC particles of a few nanometers in size. However, to prove this, further investigations using Transmission Electron Microscopy (TEM) would be required.



In addition to the aforementioned reasons, it is probable that not all of the initially added WC-np will dissolve in the molten steel. Consequently, a few nanometer nuclei remain undissolved and are present in the melt. These particles act as additional crystallization nuclei, increasing the rate of crystallization and ultimately favoring the formation of finer martensite by counteracting the expansion of the primary austenite grains.




4.3. Influence of Heat Treatment on Microstructure


The microstructure of the investigated AISI H11 steel powder mixture appears to remain unchanged after S1-HT (one-time tempering at 580 °C for 2 h) when compared to the microstructure of the specimens in as-built conditions. The fine-grained dendritic microstructure showed no significant differences based on the analysis of chemically treated cross-sections of heat-treated specimens using SEM and OM (Figure 15). The dendrites retained their acicular martensitic or ferritic inner structure even after one-time tempering (S1-HT), as shown in Figure 15b–d.



In addition, EDS area mappings (e.g., Figure A5) show that the main alloying elements, Cr, Mo, Mn and V, also tend to be concentrated in the interdendritic spaces, as is the case in the as-built specimens. In addition, the homogeneous distribution of tungsten within the dendrites does not seem to be affected by the implementation of S1-HT.



Nevertheless, the impact of the one-time tempering process (S1-HT) on the resulting microstructure is apparent in the RA content determined using XRD (refer to Table 6 and Figure 12a). There is a decrease in the RA content for all samples. The unmodified AISI H11 specimen was most affected by the one-time tempering, likely due to the parameters selected in accordance with the material specifications for AISI H11 [13].



For the pure AISI H11 specimen, the RA content is 1.3 ± 0.4 vol.-% on average and is reduced by a factor of 7.27 after S1-HT compared to the as-built specimen [44]. The specimen made from powder mixture No. 1 (1 wt.-% of WC-np) has a lower average RA content of 2.9 ± 1 vol.-% after heat treatment. This corresponds to a decrease of about 7 vol.-% compared to the as-built specimens. For the specimen made with powder mixture No. 2 (+2.5 wt.-% of WC-np), the RA content after S1-HT is 3.1 ± 1.1 vol.-%, which is a decrease of 7.5 vol.-% compared to the as-built material. The maximum RA content is found in the sample made from mixture No. 3, which contains the maximum WC-np content of 5 wt.-%. This value is 6.2 ± 1.4 vol.-%, which is a decrease of almost 8 vol.-% compared to the as-built sample.



The RA content of the WC-np-enriched tool steel specimens can be reduced by S1-HT using tempering parameters designed for the thermal treatment of unmodified AISI H11. S1-HT favors diffusion processes that, given sufficient time, result in the transformation of soft RA into a harder mixture of ferrite and cementite (iron carbide). This process leads to a reconfiguration and homogenization of the microstructure. It is important to note that by repeating the tempering process or optimizing the tempering parameters, while considering the exact chemical composition, it may be possible to further reduce the RA content in the specimens produced using the WC-np-enriched AISI H11 powder blends. From the unmodified AISI H11 to the specimens made out of mixture No. 3 with the maximum WC-np concentration, the trend in as-built samples and ones thermally post-processed using S1-HT seems to be the same: an increase in RA domain size with an increasing amount of WC-np or total carbon content, respectively (Figure 12).



However, the domain size of RA decreases for specimens of the same chemical composition after undergoing S1-HT. This decrease appears to be a direct consequence of S1-HT and the decomposition of RA due to its conversion into ferrite and cementite. The unmodified AISI H11 specimen has a domain size of RA that corresponds to a mean value of 159 ± 52 Å, which is only 15 Å smaller than that of the as-built specimen [44]. The average domain size of RA for the specimen made from powder mixture No. 1 (+1 wt.-%) decreased by about 20 Å compared to the non-heat-treated specimen, measuring 164 ± 53 Å. The specimen made from powder mixture No. 2 (2.5 wt.-% of WC-np) also showed a decrease of approximately 40 Å compared to the as-built samples, with a mean value of the RA domain size of 191 ± 30 Å. For the specimen with the highest WC-np content (powder mixture No. 3), the domain size of RA decreased from 361 ± 100 Å in as-built conditions to a mean value of 285 ± 40 Å after S1-HT treatment.



In contrast to the domain size of RA, the domain size of martensite is only marginally affected by S1-HT. The one-time tempering process (S1-HT) does not have a substantial effect on the domain size of martensite compared to the as-built specimens, as shown by the large standard deviations (Figure 12b). The values are approximately of the same order of magnitude; see Figure 12b. However, the relationship between the domain (crystallite) size of martensite and RA and the added WC-np content (total carbon content) is consistent with that of the as-built specimens.



After S2-HT, which consists of a hardening step followed by a single tempering step at 580 °C for 2 h, the microstructure of all specimens resembles a needle-like martensitic or ferritic microstructure, similar to that found in conventionally heat-treated AISI H11 steel. Figure 16a–d show the martensitic microstructure for both the unmodified AISI H11 sample and the sample made from the powder mixture with the maximum WC-np content of 5 wt.-% of WC-np (mixture No. 3). The EDS mapping in Figure A5 shows that the process-inherent dendritic microstructure and the dense carbide network, consisting mainly of Cr and Mo mixed carbides, have been completely dissolved. However, the VC, Mo2C and WC carbides appear to be present, as in the case of one-time tempered or as-built samples. During the austenitization step, the entire specimen is first converted to the high-temperature austenitic phase. Subsequently, the specimen is quenched in an oil bath below the martensite starting temperature (Ms), predominantly converting RA to martensite. The quenching process maintains constant thermal boundary conditions, resulting in similar cooling for all specimens. As a result, layer-dependent differences in microstructure almost disappear, and the microstructure homogenizes after a subsequent one-time tempering process.



As can be concluded from the XRD measurements shown in Figure 12a and Table 6, the RA content decreases significantly after thermal treatment with S2-HT compared to the specimens in the as-built condition. The RA content has average values that are in the order of magnitude of, or only slightly different from, the values obtained after S1-HT. For the specimen made with the pure AISI H11 powder, the mean value of the RA content is equal to 3.2 ± 0.7 vol.-% and increases to 3.6 ± 0.7 vol.-% for the specimen made with mixture No. 1 (1 wt.-% of WC-np). For the sample prepared with mixture No. 2 (2.5 wt.-% of WC-np), the RA content increases to an average of 4.4 ± 0.8 vol.-% and reaches its maximum value of 5.3 ± 1.2 vol.-% for the sample prepared with mixture No. 3, containing the maximum amount of WC-np. Consequently, the effect of the added WC-np on the resulting mean values of the RA content persists after the S2-HT carried out, as is the case for the as-built specimens or for the specimens post-processed using S1-HT.



The XRD measurements presented in Figure 12a and Table 6 indicate a significant decrease in RA content after thermal treatment with S2-HT compared to the as-built specimens. The average values of RA content are similar to or slightly lower than those obtained after S1-HT. The RA content mean value for the pure AISI H11 powder specimen is 3.2 ± 0.7 vol.-% [44]. The RA content increases to 3.6 ± 0.7 vol.-% for the specimen made with mixture No. 1 (1 wt.-% of WC-np). The RA content increases to an average of 4.4 ± 0.8 vol.-% for the sample prepared with mixture No. 2 (2.5 wt.-% of WC-np) and reaches its maximum value of 5.3 ± 1.2 vol.-% for the sample prepared with mixture No. 3, containing the maximum amount of WC-np. Consequently, the effect of the added WC-np on the resulting mean values of the RA content persists after the S2-HT is carried out. This is also observed in the as-built specimens or in the specimens post-processed using S1-HT.



Irrespective of the WC content in the tool steel specimen investigated, a significant reduction in the domain size of RA was observed for all heat-treated specimens compared to the as-built specimens. The values of the RA domain size vary on average between 110 Å and 170 Å in the different materials. The observed low values of the RA domain size can be attributed to the decomposition of RA into ferrite and cementite associated with the one-time tempering process carried out as the last sub-step in the S2-HT. The mean value of the domain size of RA corresponds to 113 ± 17 Å for the unmodified AISI H11 specimen and increases slightly to 134 ± 12 Å for the specimen made from mixture No. 1 (+1 wt.-% of WC-np). For the specimen made with mixture No. 2 (+2.5 wt.-% of WC-np), the value is 159 ± 17 Å and reaches its maximum of about 170 Å for the specimen made with mixture No. 3 (+5 wt.-% of WC-np). The effect of the added nanoscale WC additives on the RA content is still present in the same way as for the samples in as-built conditions and those heat-treated with S1-HT.



Contrary to the domain size of RA, the domain size of martensite decreased with an increasing amount of WC-np added to the AISI H11 powder. The martensite domain size has a mean value of 382 ± 61 Å for the pure AISI H11 sample and decreases to 293 ± 61 Å when only 1 wt.-% of WC-np is added to the AISI H11 powder. The martensite domain size for the sample made from mixture No. 2 (+2.5 wt.-% of WC-np) has a smaller mean value of 265 ± 59 Å. The minimum domain size of martensite was observed for the sample from mixture No. 3 with the maximum WC-np concentration of 5 wt.-%. This value corresponds to 225 Å.



Finally, at this stage, it can be concluded that the addition of the WC-np favors the formation of a finer martensitic or ferritic structure in the manufactured solids even after carrying out different post-heat treatment strategies close to industrial application.



Regardless of the WC content in the tool steel specimen investigated, all heat-treated specimens showed a significant reduction in the domain size of RA compared to the as-built specimens. The average values of the RA domain size varied between 110 Å and 170 Å in the different materials. The small size of the RA domain can be attributed to the decomposition of RA into ferrite and cementite during the one-time tempering process carried out as the last sub-step in the S2-HT. The average domain size of RA is 113 ± 17 Å [44] for the unmodified AISI H11 specimen and slightly increases to 134 ± 12 Å for the specimen made from mixture No. 1 (+1 wt.-% of WC-np). The domain size of the specimen made with mixture No. 2 (+2.5 wt.-% of WC-np) is 159 ± 17 Å, while it reaches a maximum of about 170 Å for the specimen made with mixture No. 3 (+5 wt.-% of WC-np). The effect of the added nanoscale WC additives on the RA content remains the same as for the samples in as-built conditions and those heat-treated with S1-HT.



The domain size of martensite decreased with an increasing amount of WC-np added to the AISI H11 powder, unlike the domain size of RA. The mean martensite domain size of the pure AISI H11 sample is 382 ± 61 Å [44]. When only 1 wt.-% of WC-np is added to the AISI H11 powder, the mean martensite domain size decreases to 293 ± 61 Å. The sample made from mixture No. 2 (+2.5 wt.-% of WC-np) has a smaller mean value of 265 ± 59 Å for the martensite domain size. The minimum domain size of martensite was observed for the sample from mixture No. 3, which had the maximum WC-np concentration of 5 wt.-%. This value corresponds to 225 Å.



Finally, it can be concluded that the addition of WC-np promotes the formation of a finer martensite or ferrite in the manufactured solids, even after undergoing various post-heat treatment strategies close to industrial application.




4.4. Impact of WC-np on Vickers Hardness


Figure 17a displays the Vickers hardness HV1 measurements plotted against sample height for all 30-layer specimens under as-built conditions. Regardless of the processed tool steel powder mixture, all builds exhibit a characteristic non-linear hardness profile. The lower area consistently exhibits the lowest hardness values. The hardness of the specimen increases as its height increases, resulting in a hardness gradient that reaches a constant maximum level in the middle and upper parts of the specimen (see Figure 17a). These characteristic hardness courses and gradients can be attributed to the in-process heat treatment of the lower layers due to strong thermal cycling during the ongoing layer-by-layer manufacturing process, as described in Section 4.2. The measured hardness profiles correlate well with the specimen height dependence of the RA content (Table 6), providing a plausible explanation for the low hardness in the lower region, the hardness gradient and the constant high hardness in the center and upper part of the manufactured AI-SI H11 specimens.



Comparing the hardness profiles and mean hardness of the manufactured specimens reveals a steady increase in hardness with higher amounts of WC-np used to modify the initial AISI H11 powder (Figure 17a,d). The unmodified AISI H11 specimen has an average hardness of approximately 653 ± 10 HV1 [44] in the middle and upper part of the specimen, while the addition of 1 wt.-% of WC-np increases the hardness to about 682 ± 16 HV1. As the content of WC-np increases, the average hardness also increases. For instance, the sample made from powder mixture No. 2 (2.5 wt.-% of WC-np) corresponds to 705 ± 7 HV1. The maximum hardness of 770 ± 4 HV1 is measured for the specimen made from powder mixture No. 3, which contains the highest concentration of WC-np or total carbon. The mean hardness increase can be estimated through a linear or exponential increase, depending on the total carbon content or WC-NP content of the produced specimens (refer to Figure 17d).



There are several overlapping reasons for the observed increase in hardness as a function of total carbon or WC-np content. First, the higher carbon content in the WC-np-enriched specimens, resulting from the dissolution of the initially added WC-np in the steel melt, promotes a greater distortion of the formed martensite. The induced change in martensite morphology results in an increase in local hardness and strength. In addition, the dissolution of the initially added WC-np may ultimately leave more carbon available for the precipitation of various hardness- and strength-enhancing carbides (e.g., special carbides WC, VC, Mo2C or alloy-specific Cr and Mo mixed carbides). Apart from this, another reason for the observed hardness increase is that the WC-np seem to favor grain refinement and thus the formation of a finer martensitic or ferritic structure within the dendrites.



Figure 17b shows the hardness profiles of 30-layer manufactured specimens as a function of specimen height after post-treatment with S1-HT. Irrespective of the tool steel specimen examined, the hardness gradient between the lower layers and the middle and upper parts of the specimen can be significantly reduced by carrying out S1-HT.



There is an increase in hardness in the lower part compared to the as-received specimens, which can be attributed to the transformation of (soft) RA into a (harder) mixture of ferrite and cementite. Conversely, taking into account the standard deviation, there is a slight decrease in hardness in the upper part compared to the as-built specimens. Finally, the local decomposition of RA caused by the diffusion process associated with the single heat treatment (S1-HT) homogenized the microstructure and more or less completely compensated for the layer-related hardness differences.



The hardness-increasing effect of the added WC-np is maintained even after S1-HT, and there is a clear correlation between the maximum hardness and the total carbon content or WC-np added to the AISI H11 powder. The increase in hardness as a function of carbon content or added WC-np can be well approximated with a linear or exponential trend.



The specimen produced using powder mixture No. 3, which contains the maximum concentration of WC-np or total carbon content, respectively, had a maximum hardness value of 735 ± 6 HV1. This value is slightly lower than the average hardness in the as-built condition (cf. Figure 17d), which is 605 ± 6 HV1 [44] for the pure AISI H11 sample after S1-HT. Therefore, the hardness value is approximately 130 HV1 higher than the average hardness of 605 ± 6 HV1 [44] for the pure AISI H11 sample after S1-HT. The mean hardness value in the middle and upper part of the specimen made with powder mixture No. 2 (2.5 wt.-% of WC-np) was determined to be 656 ± 10 HV1, which is a decrease of approximately 45 HV1 compared to the as-built specimen. Similarly, for the specimen made with powder mixture No. 1 (1 wt.-% of WC-np), the average hardness measured in the middle and upper part was 643 ± 8 HV1, which is a decrease of about 40 HV1 compared to the as-built condition.



Figure 17c displays the Vickers hardness profile based on sample height after thermal post-treatment using S2-HT, which involves a two-step hardening process followed by single tempering (580 °C, 2 h). Similar to the tempered specimens, the local hardness differences resulting from the in-process heat treatment were largely compensated for through the reconfiguration of the microstructure after S2-HT. As a result, the specimen height did not affect the observed level of hardness on the investigated tool steel sample. However, the effect of added WC-np on a hardness increase remained unchanged after S2-HT, as shown in Figure 17c,d.



The maximum hardness was measured for the specimen made with powder mixture No. 3 (+5 wt.-% of WC-np). It assumes an average value of 778 ± 9 HV1 in the middle and upper part of the specimen. This corresponds to an increase of approximately 80 HV1 compared to the unmodified AISI H11 specimen with a mean hardness of 698 ± 9 HV1. For the specimen made from powder mixture No. 2 (2.5 wt.-% of WC-np), the average hardness was determined to be 759 ± 7 HV1, an increase of approximately 60 HV1 compared to the AISI H11 specimen. The average hardness of the sample prepared from powder mixture No. 1 (1 wt.-% of WC-np) is 727 HV1 ± 6 HV1, which is almost 30 HV1 higher than the mean hardness of the pure AISI H11 sample; see Figure 17d.



The maximum hardness measured for the specimen made with powder mixture No. 3 (+5 wt.-% of WC-np) was 778 ± 9 HV1 in the middle and upper part of the specimen. This represents an increase of approximately 80 HV1 compared to the unmodified AISI H11 specimen, which had a mean hardness of 698 ± 9 HV1 [44]. The average hardness of the specimen made from powder mixture No. 2 (2.5 wt.-% of WC-np) was determined to be 759 ± 7 HV1, which is approximately 60 HV1 higher than that of the AISI H11 specimen. The average hardness of the sample prepared from powder mixture No. 1 (1 wt.-% of WC-np) is 727 HV1 ± 6 HV1, which is almost 30 HV1 higher than the mean hardness of the pure AISI H11 sample (see Figure 17d).




4.5. Impact of WC-np on Compression Properties


Regardless of the post-treatment performed, the compressive yield strength significantly increased with the addition of WC-np to the tool steel powder compared to the unmodified AISI H11 specimens. The yield strength increases approximately linearly with increasing total carbon content or WC-np content. Figure 18a shows that under as-built conditions, the Y0.2% increases from 1839 ± 61 MPa [44] for the AISI H11 specimen to 2013 ± 64 MPa for the specimen made with powder mixture No. 1 (+1 wt.-% of WC-np). The concentration of nanoscale WC additives directly correlates with the increase in Y0.2% of the manufactured specimens. For specimens made from powder mixture No. 2 (+ 2.5 wt.-% of WC-np), the average value of Y0.2% is 2046 ± 41 MPa. The specimens made from mixture No. 3 have a maximum mean value of Y0.2% of 2188 ± 26 MPa, which is an increase of almost 350 MPa compared to the pure AISI H11 specimens. This indicates a clear correlation between the maximum achievable yield strength and the concentration of WC-np in the as-built condition. The trend observed for hardness is similar (Section 4.4).



In contrast to the observed increase in Y0.2% and hardness, the addition of WC-np leads to a decrease in ductility. This is shown in Figure 18b, where a noticeable decrease in the maximal strain (ductility) is observed. The maximal strain decreases approximately linearly with increasing carbon content and is therefore inversely related to Y0.2%.



While the maximum strain for the unmodified AISI H11 specimens has a comparatively high mean value of 32 ± 1.3% [44], it decreases with increasing WC-np content to an average of 24 ± 0.3% for the specimens made from powder mixture No. 1 (+1 wt.-% of WC-np). For the specimens made with powder mixture No. 2 (+2.5 wt% of WC-np), the maximum strain was determined to be 22 ± 2.3%. The minimum mean value for the maximum strain of 12 ± 0.7% was determined for the specimen prepared using powder mixture No. 3, containing the maximum WC-np content.



After undergoing a one-time tempering process at 580 °C for 2 h (S1-HT), the microstructure is homogenized by transforming the soft RA into a harder mixture of ferrite and cementite, while simultaneously reducing internal stresses. As a result, the yield strength shows a slight increase. For the pure AISI H11 specimens, Y0.2% has a mean value of 1930 ± 25 MPa [44], which is an increase of approximately 90 MPa compared to the as-built specimens. The mean value of Y0.2% for specimens made with powder mixture No. 1 (1 wt.-%) is 1992 ± 12 MPa. For specimens made with powder mixture No. 2 (2.5 wt.-% of WC-np), it increases to 2068 ± 16 MPa. The maximum Y0.2% observed for specimens made with powder mixture No. 3, containing the maximum WC-np concentration, was also observed after S1-HT, similar to the specimen tested under as-built conditions. This value corresponds to 2251 ± 16 MPa. The Y0.2% increases approximately linearly depending on the total carbon content and remains unchanged.



Irrespective of the concentration of WC-np in the initial powder mixture, the one-time tempering process (S1-HT) significantly improved the ductility of all specimens; see Figure 19b. This is manifested in an increase in the maximum achievable strain compared to the specimens under as-built conditions. The improvement in ductility is likely to be related to a reduction in process-specific internal stress and the decomposition of RA caused by the reconfiguration of the microstructure during the tempering process. As expected, the maximum strain achieved for the unmodified AISI H11 specimens takes on an average value of 40 ± 2.6%, which is 8% higher than in the as-built condition. For the specimens made with powder mixture No. 1 (1 wt.-% of WC-np), a maximum strain of 38 ± 1.5% was determined on average. The maximum strain decreases to an average value of 35 ± 0.6% for the specimens made with powder mixture No. 2 (2.5 wt.-% of WC-np) and reaches its minimum value of 25 ± 3.9% for the specimens made with powder mixture No. 3 (+5 wt.-% of WC-np).



Regardless of the concentration of WC-np in the initial powder mixture, the one-time tempering process (S1-HT) significantly improved the ductility of all specimens, as shown in Figure 18b. This improvement is demonstrated by an increase in the maximum achievable strain compared to the specimens under as-built conditions. The increase in ductility is likely due to a reduction in process-specific internal stress and the decomposition of RA caused by the reconfiguration of the microstructure during the tempering process. The maximum strain achieved for the unmodified AISI H11 specimens is on average 40 ± 2.6% [44], which is 8% higher than in the as-built condition. The strain values for the specimens made with different powder mixtures are as follows: For powder mixture No. 1 (1 wt.-% of WC-np), the maximum strain was determined to be 38 ± 1.5% on average. For powder mixture No. 2 (2.5 wt.-% of WC-np), the maximum strain decreases to an average value of 35 ± 0.6%. Finally, for powder mixture No. 3 (+5 wt.-% of WC-np), the maximum strain reaches its minimum value of 25 ± 3.9%.



After thermal post processing of manufactured test specimens, applying S2-HT, the mean value of Y0.2% of the unmodified AISI H11 is equal to 1859 ± 13 MPa [44]. Considering the standard deviation, this value is close to the Y0.2% for the AISI H11 samples without additional heat treatment. As it is the case for all specimens under as-built conditions and tempered ones, Y0.2% enhances with an increasing content of WC-np even after carrying out S2-HT. For test specimens made out of powder mixture No. 1, Y0.2% takes on a mean value of 1945 ± 22 MPa and increases to 2041 ± 11 MPa for ones from powder mixture No. 2 (+2.5 wt.-% of WC-np). As in the case of the non-heat-treated and one-time-tempered specimens, the maximum Y0.2% was detected for test specimens from powder mixture No. 3 and it corresponds to 2097 ± 28 MPa.



As already proven for specimens in the tempered state, after carrying out S2-HT, the ductility of manufactured specimens improves due to induced microstructural changes compared to as-built specimens; see Figure 18b. The maximal strain for the unmodified AISI H11 samples corresponds to 38 ± 1.1% [44] on average and decreases to a mean value of 33.1 ± 1.1% for specimens made out of mixture No. 1 (+1 wt.-% of WC-np). For builds made from powder mixture 2 (+2.5 wt.-% of WC-np), the ductility continues to decrease and the maximum strain is on average only 33%. A minimum value of about 31% for the maximum strain occurs for specimens made from powder mixture 3 (+5 wt.-% of WC-np), i.e., the highest concentration, 5 wt.-% of WC-np, was added.



At this stage, it can be concluded that the tool steel specimens manufactured and post processed using heat treatments (S1-HT, S2-HT) close to industrial use exhibit high compression yield strength and at the same time improved ductility compared to the specimens under as-built conditions.



In order to determine the role of the WC-np in the forming behavior of the as-manufactured specimens, the strain–stress curves shown in Figure 19a–d were examined in detail, focusing on the plastic deformation region. Irrespective of the tool steel powder blend used, all specimens in the as-built condition show a steep increase in compressive stress during plastic deformation in the compression tests. This course of the strain–stress curves appears to be characteristic of additively manufactured tool steel specimens and is due to strain hardening effects that occur during forming. Others [21,33] who have examined the mechanical properties of tool steel specimens with similar chemical composition produced in DED-LB/M via compression testing have already reported comparable behavior. In particular, the conversion of soft RA to harder martensite due to deformation-induced phase transformation could be a major contributor to strain hardening. Therefore, the strain hardening effect tends to be much more pronounced in the as-built specimens made with the WC-np-enriched powder blends due to the higher RA contents; see also Figure 19a and Table 6.



When the specimens were thermally post-treated using the two strategies studied (S1-HT, S2-HT), the strain hardening effect was significantly weakened due to the decomposition of RA and the homogenization of the microstructure resulting from the heat treatment. As can be seen from the strain–stress curves presented in Figure 19a–d, this is manifested in particular through the reduction in the slopes in the plastic deformation range for tool steel specimens thermally post-treated with S1-HT and S2-HT.





5. Conclusions


In the present work, the processing of AISI H11 tool steel powder blends modified through the addition of WC-np in concentrations of 1, 2.5 and 5 wt.-% in DED-LB/M was investigated. The main results are summarized below:




	
Independently on the amount of added WC-np, nearly fully dense 30-layered specimens with a relative porosity equal to or smaller than 0.5% could be manufactured using a bidirectional deposition strategy and the same set of process parameters.



	
Due to the high cooling rates inherent in the process, all the 30-layer samples produced have an inhomogeneous, fine-grained dendritic microstructure (as-built conditions).



	
A fine needle-like structure was observed in the dendrites, presumably indicating the presence of martensite or ferritic phases with a smaller amount of retained austenite (RA) (as-built conditions).



	
The carbide formers Cr, Mo, Mn and V accumulate in the interdendritic space, indicating the precipitation of alloy-specific mixed and special carbides.



	
In contrast to Cr, Mo, Mn and V, tungsten (W) occurs much less frequently as segregated in the interdendritic space. Rather, tungsten (W) is homogeneously and finely distributed in the steel matrix in the solid solution. This indicates that the initially incorporated WC-np dissolved or melted during the ongoing laser process.



	
It seems that only a small amount of the W dissolved in the molten steel precipitates again as WC particles with a particle size between 300 nm and 1 µm at the grain or dendrite boundaries.



	
Due to the dissolution of the WC-np and associated with this the increased carbon and W content in the WC-np-enriched samples, the RA content increases compared to the unmodified AISI H11 sample.



	
As could be proven using the XRD and EBSD analysis, the WC-np promote grain refinement, leading to a finer martensitic or ferritic structure inside the dendrites in comparison to the unmodified AISI H11 specimen.



	
Due to the in-process heat treatment, in particular, the strong thermal cycling of the lower weld track layers during the AM process, all specimens show a characteristic hardness profile as a function of the sample height with lower hardness values in the bottom region and higher, constant hardness in the middle and top area.



	
Both hardness and compression yield strength significantly enhance with an increasing WC-np content added to the AISI H11 powder. For the specimen made out of powder mixture No. 3 (+5 wt.-% of WC-np), an increase in mean hardness from 650 ± 10 HV1 for the pure AISI H11 to 770 ± 4 HV1 was detected, an increase of about 120 HV1. The yield strength raised from 1839 MPa ± 61 MPa for the pure AISI H11 sample to 2188 MPa ± 26 MPa for the one manufactured from powder mixture No. 3 (+5 wt.-% of WC-np) under as-built conditions.



	
Ductility decreases with an increasing amount of WC-np added to the AISI H11 powder. This is reflected in the compression tests by a decrease in the maximum achievable strain (max. degree of deformation).



	
After carrying out S1-HT (580 °C, 2 h), the decomposition of RA into ferrite and cementite leads to a significant reduction in the RA content and associated with this a homogenization of microstructure. This also affects the hardness, leading to a compensation of the hardness differences along the specimen height.



	
After performing S2-HT, consisting of a hardening step followed by a single tempering (580 °C, 2 h), the microstructure strongly resembles classical martensitic steel after thermal post-processing using a traditional hardening process. A martensitic microstructure is detected independently on the investigated tool steel powder mixture.



	
Whilst the mean hardness and yield strength were only slightly affected by the heat treatments (S1-HT, S2-HT) carried out, the ductility of all specimens improved significantly compared to the as-built specimens.



	
After both heat treatments (S1-HT, S2-HT), the hardness and strength increasing effect caused by the modification of the AISI H11 powder with WC-np is still present in the same way as for as-built specimens.
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Figure A1. Experimentally determined powder mass flow plotted as function of the rpm. 






Figure A1. Experimentally determined powder mass flow plotted as function of the rpm.
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Figure A2. (a) EDS mapping (b) and EDS line scan of a specimen made out of mixture No. 3 (+5 wt.-% of WC-np) in as-built conditions (measuring position: middle; measuring distance s for EDS line scan). 






Figure A2. (a) EDS mapping (b) and EDS line scan of a specimen made out of mixture No. 3 (+5 wt.-% of WC-np) in as-built conditions (measuring position: middle; measuring distance s for EDS line scan).
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Figure A3. (a) SEM image, (b) ASB image and (c) elemental EDS area scans for the sample made out of mixture No. 3 (+ 5 wt.-% of WC-np) in as-built conditions (measuring position: top). 






Figure A3. (a) SEM image, (b) ASB image and (c) elemental EDS area scans for the sample made out of mixture No. 3 (+ 5 wt.-% of WC-np) in as-built conditions (measuring position: top).
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Figure A4. (a) SEM image and (b) elemental EDS area mappings of a specimen made from mixture No. 1 (1 wt.-% of WC-np) in as-built conditions. 






Figure A4. (a) SEM image and (b) elemental EDS area mappings of a specimen made from mixture No. 1 (1 wt.-% of WC-np) in as-built conditions.
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Figure A5. Elemental EDS area mappings of a sample manufactured using mixture No. 3 (5 wt.-% of WC-np) after carrying out S1-HT at different measuring positions: top layer (above), 1st layer (below). 






Figure A5. Elemental EDS area mappings of a sample manufactured using mixture No. 3 (5 wt.-% of WC-np) after carrying out S1-HT at different measuring positions: top layer (above), 1st layer (below).
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Figure A6. (a) SEM image, (b) ASB image and (c) elemental EDS area mappings of a sample manufactured using mixture No. 2 (2.5 wt.-% of WC-np) after carrying out S1-HT (measuring position: middle part). 






Figure A6. (a) SEM image, (b) ASB image and (c) elemental EDS area mappings of a sample manufactured using mixture No. 2 (2.5 wt.-% of WC-np) after carrying out S1-HT (measuring position: middle part).



[image: Metals 14 00188 g0a6]







[image: Metals 14 00188 g0a7] 





Figure A7. (a) SEM-image and (b–e) Elemental EDS mapping of specimen made out of mixture No. 3 after carrying out S2-HT (measuring position: middle part). 






Figure A7. (a) SEM-image and (b–e) Elemental EDS mapping of specimen made out of mixture No. 3 after carrying out S2-HT (measuring position: middle part).
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Table A1. Martensite, Retained austenite and ferrite peaks considered in the reconstruction/fitting of the experimentally determined XRD spectra using the Rietveld approach (adapted from Ref. [44]).






Table A1. Martensite, Retained austenite and ferrite peaks considered in the reconstruction/fitting of the experimentally determined XRD spectra using the Rietveld approach (adapted from Ref. [44]).





	
Martensite (bcc)




	
No.

	
h

	
k

	
l

	
m

	
2θ (°)






	
1

	
0

	
1

	
1

	
8

	
44.43




	
2

	
1

	
1

	
0

	
4

	
44.67




	
3

	
0

	
0

	
2

	
2

	
64.26




	
4

	
0

	
2

	
0

	
4

	
65.03




	
5

	
1

	
1

	
2

	
8

	
81.64




	
6

	
2

	
1

	
1

	
16

	
82.17




	
7

	
0

	
2

	
2

	
8

	
98.26




	
8

	
2

	
2

	
0

	
4

	
98.96




	
9

	
0

	
1

	
3

	
8

	
114.67




	
10

	
0

	
3

	
1

	
8

	
116.21




	
Retained Austenite (fcc)




	
No.

	
h

	
k

	
l

	
m

	
2θ (°)




	
1

	
1

	
1

	
1

	
8

	
43.4




	
2

	
0

	
0

	
2

	
6

	
50.54




	
3

	
0

	
2

	
2

	
12

	
74.28




	
4

	
3

	
1

	
1

	
24

	
90.14




	
5

	
2

	
2

	
2

	
8

	
95.37




	
Ferrite (bcc)




	
No.

	
h

	
k

	
l

	
m

	
2θ (°)




	
1

	
0

	
1

	
1

	
12

	
44.53




	
2

	
0

	
0

	
2

	
6

	
64.81




	
3

	
2

	
1

	
1

	
24

	
82.04




	
4

	
0

	
2

	
2

	
12

	
98.56




	
5

	
0

	
3

	
1

	
24

	
115.85
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Figure 1. SEM images of (a,b) AISI H11 tool steel powder and of (c,d) agglomerations of the WC nanoparticles at different magnifications. 
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Figure 2. SEM images of the prepared WC-np-enriched H11 powder blends: (a,b) mixture No. 1 (+1 wt.-% of WC-np), (c,d) mixture No. 2 (+2.5 wt.-% of WC-np) and (e) SEM- and (f) angular-selective basckscattering (ASB) image of mixture No. 3 (+5 wt.-% of WC-np). 
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[image: Metals 14 00188 g002]







[image: Metals 14 00188 g003] 





Figure 3. Experimental approach for Additive Manufacturing of 30-layer tool steel samples (from left to right): vertical cross-section single track; cuboid samples with 1, 4 and 10 weld track layers; specimen made out of 30 layers before machining and a polished cross-section of 30-layer specimen applied for density and defect assessment. 
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Figure 4. Sketch of bidirectional deposition strategy applied for generating multilayer tool steel samples (Reprinted from Ref. [45]). 
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Figure 5. Schematical illustration of the measuring alignment for (a) XRD examinations, (b) OES (Reprinted from [44]) and (c) machined cylindrical specimen for compression testing (Reprinted from Ref. [44]). 
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Figure 6. Polished cross-sections for density assessment of (a) the pure AISI H11 sample (ρrel = 99.79%), reprinted from Ref. [44] and the specimens made out of (b) mixture No. 1 (+1 wt.-% of WC-np) (ρrel = 99.78%), (c) mixture No. 2 (+1 wt.-% of WC-np) (ρrel = 99.83%) and (d) mixture No. 3 (+5 wt.-% of WC-np) (ρrel = 99.83%). 
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Figure 7. SEM images of etched sample cross-sections at different positions: (a) pure AISI H11, (b) mixture No. 1 (+1 wt.-% of WC-np), (c) mixture No. 2 (+2.5 wt.-% of WC-np) and (d) mixture No. 3 (+5 wt.-% of WC-np). 
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Figure 8. Elemental EDS-area mappings at the top layer of the pure H11 sample (above) and the one made out of mixture 2 (2.5 wt.-% of WC-np) (below). 
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Figure 9. Merged microscopic images of the etched cross-sections: (a) AISI H11 [44], (b) powder mixture No. 1, (c) powder mixture No. 2 and (d) powder mixture No. 3. 
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Figure 10. Illustration of the in-process heat treatment and thermal cycling of lower weld track layers and of the development of interlayer temperature (according to the Time–Temperature–Transformation (TTT) curve of AISI H11 adapted from Refs. [22,44]). 
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Figure 11. (a–d) Experimentally determined and reconstructed diffraction diagrams of tool steel samples in as-built conditions (measuring position: bottom; diffraction pattern for the pure AISI H11 (black curves) adapted from Ref. [44]). 
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Figure 12. Outcomes of XRD examinations: (a) mean value of RA content (n = 3) and mean value of domain (crystallite) size of (b) RA and (c) martensite of analyzed AISI H11 specimens plotted as function of the total carbon content from Table 4 for specimens in as-built conditions and after carrying out S1-HT and S2-HT (results for the pure AISI H11 adapted from Ref. [44]). 
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Figure 13. EBSD analysis including the phase fraction of RA and martensite and the inverse pole figures of specimens made out of (a) the pure AISI H11 (adapted from Ref. [44]) and (b) mixture No. 3 (+5 wt.-% of WC-np) in as-built conditions (measuring position: center). 
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Figure 14. Results of grain size analysis carried out by means of EBSD: (a,b) pure AISI H11 specimen (adapted from Ref. [44]) and the specimen manufactured using (c,d) powder mixture No. 3 (+5 wt.-% of WC-np). 
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Figure 15. (a) Microscope image of the etched cross-section of the sample made from mixture No. 3 after carrying out S1-HT, and SEM images of the sample at different positions: (b) bottom, (c) center and (d) top. 
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Figure 16. SEM images of microstructure at different magnifications: (a,b) pure H11 and (c,d) sample manufactured using mixture No. 2 (+2.5 wt.-% of WC-np). 
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Figure 17. Vickers hardness profiles of 30-layered tool steel samples were analyzed in three conditions: (a) as-built, (b) after S1-HT treatment and (c) after S2-HT treatment. (d) Mean hardness of the middle and top sections of the specimens plotted against the total carbon content (results for the pure AISI H11 adapted from Ref. [44]). 
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Figure 18. Mean values of (a) compression yield strength and (b) of max. strain plotted as function of the total carbon content for both specimens in as-built conditions as well as ones treated with thermal post processing (S1-HT and S2-HT) (results for the pure AISI H11 adapted from Ref. [44]). 
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Figure 19. Outcome of compression test: stress–strain curves for specimens in as-built conditions and ones thermally post-processed using S1-HT and S2-HT: (a) pure AISI H11 (adapted from Ref. [44]), (b) mixture No. 1 (1 wt.-% of WC-np), (c) mixture No. 2 (2.5 wt.-% of WC-np) and (d) mixture No. 3 (5 wt.-% of WC-np). 
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Table 1. Nominal chemical composition of the AISI H11 powder and hot work tool steel substrate (adapted from Ref. [44]).
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	Material

AISI H11
	C (wt.-%)

(n = 5)
	Si (wt.-%)

(n = 5)
	Cr (wt.-%)

(n = 5)
	Mo (wt.-%)

(n = 5)
	V (wt.-%)

(n = 5)





	powder
	0.345 ± 0.05
	0.98 ± 0.03
	5.23 ± 0.06
	1.31 ± 0.04
	0.31 ± 0.07



	substrate
	0.39
	0.9
	5.09
	1.29
	0.33



	ref. [22]
	0.33–0.41
	0.9–1.2
	4.8–5.5
	1.1–1.4
	0.25–0.5










 





Table 2. Measured carbon content and stoichiometrically calculated WC-np content (CWC-np, estimated) of prepared WC-np-enriched AISI H11 powder blends.
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	C-Contents
	AISI H11 [44]



(n = 4 × 5)
	Mixture No. 1

+1 wt.-% of WC-np

(n = 4 × 5)
	Mixture No. 2

+2.5 wt.-% of WC-np

(n = 4 × 5)
	Mixture No. 3

+5 wt.-% of WC-np

(n = 4 × 5)





	Ccarbon, ideal

(wt.-%)
	0.345
	0.405
	0.495
	0.645



	Ccarbon, measured (wt.-%)
	0.345 ± 0.002
	0.402 ± 0.003
	0.479 ± 0.003
	0.613 ± 0.003



	CWC-np, estimated (wt.-%)
	---
	0.99
	2.4
	4.75










 





Table 3. Process parameter combination applied for manufacturing of 1-, 4- and 10-layer test specimens.
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	Laser Power, P (W)
	Power Step, ∆P (W)
	Beam Diameter, 2 w

(mm)
	Feed Rate,

frate

(mm/min)
	   Powder   Mass   Flow ,     m  ˙     (g/min)
	   Transport   Gas ,   

       V  ˙    H e     

(l/min)
	   Protection   Gas ,   

       V  ˙    A r     

(l/min)





	500–1000
	100
	1.5
	400
	2.7± 0.1; 3.7± 0.1
	8
	20










 





Table 4. Chemical composition of 30-layer tool steel specimens measured by means of OES.
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	Elements
	Reference AISI H11 [22]
	AISI H11

(n = 3 × 3)

[44]
	Powder mixture No. 1

+1 wt.-% of WC-np

(n = 3 × 3)
	Powder mixture No. 2

+2.5 wt.-% of WC-np

(n = 3 × 3)
	Powder mixture No. 3

+5 wt.-% of WC-np

(n = 3 × 3)





	C (wt.-%)
	0.33–0.41
	0.336 ± 0.003
	0.357 ± 0.004
	0.366 ± 0.007
	0.421 ± 0.008



	Si (wt.-%)
	0.80–1.20
	0.933 ± 0.009
	0.941 ± 0.006
	0.941 ± 0.002
	0.922 ± 0.023



	Mn (wt.-%)
	0.25–0.50
	0.382 ± 0.005
	0.379 ± 0.004
	0.377 ± 0.004
	0.330 ± 0.034



	Cr (wt.-%)
	4.80–5.50
	5.100 ± 0.026
	5.08 ± 0.014
	5.083 ± 0.006
	5.077 ± 0.032



	Mo (wt.-%)
	1.10–1.50
	1.177 ± 0.015
	1.175 ± 0.007
	1.167 ± 0.015
	1.173 ± 0.031



	V (wt.-%)
	0.30–0.50
	0.378 ± 0.003
	0.375 ± 0.001
	0.374 ± 0.002
	0.375 ± 0.039



	W (wt.-%)
	---
	---
	0.378 ± 0.006
	0.659 ± 0.022
	1.463 ± 0.071










 





Table 5. Measured carbon contents for analyzing the detachment of the WC-np during the powder feeding phase.
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	Ccarbon (wt.-%)
	AISI H11



(n = 4 × 5) [44]
	Powder Mixture No. 1

+1 wt.-% of WC-np

(n = 4 × 5)
	Powder Mixture No. 2

+2.5 wt.-% of WC-np

(n = 4 × 5)
	Powder Mixture No. 3

+5 wt.-% of WC-np

(n = 4 × 5)





	Powders

(initial)

(wt.-%)
	0.34 ± 0.002
	0.402 ± 0.003
	0.479 ± 0.003
	0.613 ± 0.003



	Powders

(direct after nozzle outlet)

(wt.-%)
	-----
	0.397 ± 0.006
	0.459 ± 0.013
	0.598 ± 0.013



	Powder oversprays

(wt.-%)
	-----
	0.385 ± 0.009
	0.413 ± 0.013
	0.441 ± 0.015



	Specimens

(wt.-%)
	0.336 ± 0.003
	0.357 ± 0.004
	0.366 ± 0.007
	0.421 ± 0.008



	CWc-np, specimens (wt.-%)
	-----
	0.4
	0.7
	1.5










 





Table 6. Local RA content determined using XRD and Rietveld approximation at different measuring positions (bottom, middle and top) for specimens in as-built conditions and heat-treated ones.
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AISI H11 [44]

	
Mixture No. 1

(+1 wt.-% of WC-np)

	
Mixture No. 2

(+2.5 wt.-% of WC-np)

	
Mixture No. 3

(+5 wt.-% of WC-np)




	

	

	
RA-c in vol.-%

	
RA-c in vol.-%

	
RA-c in vol.-%

	
RA-c in vol.-%






	
As-built

	
Top

	
7.5

	
7.9

	
8.5

	
12.6




	
Center

	
8.2

	
8.6

	
9.4

	
14.3




	
Bottom

	
12.7

	
13.8

	
14.4

	
15.5




	
Mean (n = 3)

	
9.5 ± 2.8

	
10.1 ± 3.2

	
10.8 ± 3.2

	
14.1 ± 3.5




	
S1-HT

	
Top

	
1.2

	
2.2

	
2.4

	
5




	
Center

	
1.4

	
2.6

	
2.6

	
5.8




	
Bottom

	
1.8

	
4.1

	
4.4

	
7.7




	
Mean

(n = 3)

	
1.5 ± 0.3

	
2.9 ± 1

	
3.1 ± 0.8

	
6.2 ± 1.4




	
S2-HT

	
Top

	
2.4

	
2.8

	
3.5

	
4




	
Center

	
3.5

	
3.9

	
4.9

	
5.6




	
Bottom

	
3.8

	
4.1

	
5

	
6.3




	
Mean

(n = 3)

	
3.2 ± 0.8

	
3.6 ± 0.7

	
4.4 ± 0.8

	
5.3 ± 1.2











 





Table 7. Summary of grain size analysis: area mean and area weighted for the pure AISI H11 sample and the one manufactured using mixture No. 3 (+5 wt.-% of WC-np) in as-built conditions.






Table 7. Summary of grain size analysis: area mean and area weighted for the pure AISI H11 sample and the one manufactured using mixture No. 3 (+5 wt.-% of WC-np) in as-built conditions.





	
Material

	
Threshold Angle (°)

	
Grain

Count

	
Area Mean

(µm²)

	
Area Weighted

(µm²)






	
AISI H11 [44]

	
5–10

	
3102

	
1.4

	
13.2




	
10–15

	
2777

	
1.6

	
15.5




	
mixture No. 3

(+5 wt.-% of WC-np)

	
5–10

	
5021

	
0.86

	
4.81




	
10–15

	
4584

	
0.95

	
5.65
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