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Abstract

:

The influence of laser pulse shaping on the formation of TiC-Fe-based cermets with different laser process parameters is investigated. The impact of pulse shaping and laser melting peak power on the microstructural development and mechanical properties of SLM-built parts is addressed. This research focuses primarily on the process parameters required to produce crack-free components and includes investigations of mechanical properties such as microhardness and fracture toughness. To acquire optimal process parameters, samples were manufactured using pulse shaping technology with varying laser melting peak power and exposure time. The influence of laser melting peak power and pulse shape on microstructure development and phases was analyzed using a scanning electron microscope and X-ray diffraction.
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1. Introduction


WC–Co-, TiC-, and Ti (C, N)-based cermets are widely used for high-speed machining, drilling, and metal forming applications [1,2,3,4]. According to the European REACH (Registration, Evaluation, Authorization, and Restriction of Chemical Substances) program, conventional WC-based cermets in both powder and sintered form have been declared carcinogenic and toxic to human health. Titanium carbide-based cermets have proven to be a candidate material and alternative solution for replacing the conventional tungsten-cobalt (WC-Co)-based cermets for a wide range of applications over the years due to their unique properties [2]. These properties include a high melting temperature, a high hardness, good electrical conductivity, a high chemical resistance, and a relatively low density [5]. Because of these attractive properties, TiC-based cermets have been seen as an ideal choice for applications such as cutting tools, grinding wheels, wear-resistant coatings, and high-temperature heat exchangers [3,4,5]. 3D printing, or additive manufacturing (AM), is a new digital and green intelligent manufacturing process based on the design of a 3D CAD model and cumulative layered deposition. Selective laser melting (SLM) belongs to the category of laser powder-bed fusion (LBPF) AM technology has an attractive potential application in direct producing three-dimensional objects with complicated structures or geometry [6,7,8]. In comparison to conventional processes, SLM has many advantages, such as the ability to create complex structures, the ability to tune properties during processing, increased functionality, reduced lead times, etc. [9,10,11]. Furthermore, rapid solidification, repeating heating and cooling cycles, and temperature gradient during the SLM process often lead to a heterogeneous, fine, and anisotropic microstructure in the finished parts fabricated using SLM [12,13,14,15]. Parts fabricated with AM can, however, develop a variety of defects due to improper process parameters or disruptions during production [16,17].



The major hard component of modern cermets is TiC solid solution, with Co, Ni, Fe, and Mo, along with a number of different alloys, as a binder. The binder elements such as Ni and Co, however, are scarce and expensive, and their dust is particularly hazardous according to the U.S. NTP (National Toxicology Program). Hence, there exists a necessity of replacing this matrix entirely or partially with other non-harmful elements such as Fe due to its low cost, its ability to be hardened by heat treatment, and its high strength [18,19,20,21]. Processing of the cermets through additive manufacturing processes such as SLM is difficult and challenging due to its brittle nature [22]. The fabrication of cermets through standard laser pulse causes rapid melting and cooling of the melt pool, resulting in a complex thermal residual stress profile in the fabricated part, leading to defects such as cracks, delamination, and porosity [20,21,22,23,24].



Pulse shaping is a technique that helps in controlling heating/cooling by giving a shape to the pulse with variations in laser peak power and exposure time [25,26]. Pulse shaping helps in preheating and controlled cooling of the as-built parts during fabrication in the SLM process. Therefore, in this study, pulse shaping technique has been employed to fabricate TiC–Fe-based cermets as it helps to regulate the energy distribution of laser power during sample fabrication. These energy distributions have a substantial impact on the melting and cooling rates of the process. As a result of the controlled melting and cooling rate and the pre-heating effect of the powder bed, thermal residual stress may be reduced to a certain extent in the as-built parts during fabrication [27]. Preheating and controlled cooling of the powder bed and melt pool result in the reduction of the thermal gradient in the melt pool and, therefore, lower thermal stresses and decrease or eliminate cracks in the SLM-built parts [28,29,30]. Phase, microstructure formation, and mechanical properties such as microhardness and fracture toughness of SLM-processed as-built parts were investigated systematically and in detail under different laser pulse shaping process parameters.




2. Materials and Methods


2.1. Powder Feedstock


The starting materials used in this study are TiC powder (Purity ≥ 99.9, average grain size ~2–3 µm; supplied by Pacific Particulate Materials Ltd., New Westminster, BC, Canada) and Fe powder (purity ≥ 99.8, average grain size ~45 µm; supplied by TLS Technik GmbH, Bitterfeld-Wolfen, Germany). The cermet powder is composed of TiC and Fe powder with a volume ratio of 70:30. With the help of a mechanical mixer, the powder was mechanically mixed for 24 h at 10 rpm with five Yttria Stabilized Zirconia (YSZ) balls (8 mm in diameter) as mixing media to provide attrition during mixing. In this case, milling and powder-to-ball ratio are not considered mixing parameters because a high number of balls may affect the particle size of the mixed powder, which eventually affects the rheology of the feedstock powder. Fe particles have a spherical shape and a wide size distribution (Figure 1a). On the other hand, TiC particles are irregular in shape with a narrow size distribution (Figure 1b). The cermet powder, after mechanical mixing, shows the presence of both spherical and irregularly shaped powder particles with a much wider distribution in their size (Figure 1c,d).




2.2. SLM Fabrication


A pulsed laser was used to produce TiC–Fe-based cermets using SLM Solutions GmbH Realizer SLM-50 machine, which is equipped with an Nd:YAG laser with a maximum power of 100 W. Cermet parts were fabricated using the pulse shaping laser technique. On the work surface, the focal diameter of the laser beam was fixed at 0.0134 mm and the SLM process was carried out in an argon atmosphere to prevent contamination and melt pool oxidation during fabrication of the parts. Cuboidal-shaped samples (5 mm × 5 mm × 3 mm) were fabricated using the pulse shaping technique with varying laser melting peak power (LMP) of 50, 60, 70, and 84 W and different laser exposure times for individual laser peaks, designated samples LMP50, LMP60, LMP70, and LMP84, respectively. With the employment of pulse shaping, the laser exposure was targeted to a laser exposure point designed by the 3D CAD software, and the same pulse was repeated for each exposure point in the powder bed. The samples were built vertically with a layer thickness of 0.035 mm and a point distance of 0.5 µm.



Figure 2 represents the pulse shaping of single laser pulse exposure with varying laser power and exposure time employed on a single exposure point. The same pulse is repeated at each exposure point of the powder bed for the fabrication of the cermet parts. Each pulse shaping contains several laser peaks with varying laser peak power and exposure time (Figure 2b). The peaks with low laser power were considered as pre-heating laser exposure to powder bed. The lower laser power and exposure duration can be referred to as a pre-pulse, which helps to pre-heat the powder bed before the melting peak laser LMP (50 W). Post-pulsing refers to cooling peaks that have a longer exposure period and lower laser power after the LMP exposure and it aids in the controlled cooling/heating of the molten pool. The same pulse shaping technique was used for all cermet as-built parts with varying laser peak power to investigate the effect on the microstructure formation of brittle materials such as TiC-based cermet and to eliminate defects such as cracks during formation. Figure 3 represents the SLM process parameter of the single pulse exposure employed for the fabrication of cermets with different LMP. The preheating and cooling laser peaks and exposure time are kept constant for all samples in the pulse shaping. In this work, point scanning is adapted for laser exposure with pulse shaping [22].



The laser power (P in watts), scan speed (v in millimeters per second), layer thickness (t in millimeters), and hatch distance (h in millimeters) are the four factors that influence fabrication and microstructure morphology of the as-built part and are considered when calculating the laser energy density (LED), This is calculated from the following equation [31].


  LED =  P  v ∗ h ∗ t    



(1)







Because the laser parameter of the LMP power varies in all samples, laser energy density of LMP is calculated for all samples and is shown in Table 1.




2.3. Microstructural Characterization and Mechancial Testing


For microstructural analysis, standard metallographic processing procedures for hard metals, such as the grinding and polishing process, were used to prepare bulk samples. Zeiss EVO MA15 scanning electron microscopes (SEM) equipped with EDS INCA were used to investigate the morphology and microstructure of the as-built parts through SLM. X-ray diffraction (XRD) measurements of the samples were performed on a Rigaku Ultima IV diffractometer with monochromatic Cu Kα radiation (λ = 1.5406 Å). All samples were studied in the 2θ range of 30–90° with a scan step of 0.02°.



Vickers microhardness measurements according to ASTM E384-17 were performed at room temperature utilizing Indentec 5030 KV (Indentec Hardness Testing Machines Limited, West Midlands, UK). A load of 1 kg and dwell time of 10 s was employed for the microhardness measurements. Fracture toughness KIC was determined by conventional indentation fracture toughness (IFT) method with 30 kg load and a dwell time of 10 s. A crack length measure was used to determine the fracture toughness of the as-built parts and study the toughness mechanism. Fracture toughness can be calculated by using the following equation [6]:


   K  I C   = 0.15       H V   ∑ l      



(2)




where KIC is the fracture toughness, ∑ l  is the sum of crack lengths of each indentation in mm, and HV1 is the hardness value in newtons per square millimeter. Four tests were carried out for all the mechanical property measurements in each sample and the mean value was determined.





3. Results and Discussion


3.1. Phase Analysis


Figure 4 illustrates the X-ray diffraction patterns of the SLM as-built TiC–Fe-based cermets with different laser process parameters. All the XRD patterns exhibited prominent peaks of TiC and α-Fe and a solid solution of Fe–Ti, which suggests that the mixed powders do not lead to the formation of any new intermetallic carbide phases after SLM processing. Increasing the laser peak power results in a variation in the peak intensity of TiC and α-Fe. This significant variation in the intensity of TiC peaks can be attributed to the gradient morphology of the TiC and the binder phase as a function of the laser melting peak power. The magnified view of peaks of all the SLM-processed parts suggests that no major significant shift in peaks has been observed in all the fabricated parts irrespective of the changes in laser parameters.




3.2. Microstructural Characterization


Figure 5 shows the surface morphology of the SLM-processed as-built samples fabricated through laser pulse shaping with different laser process parameters. All the SEM micrographs show the presence of phases with two different contrasts. The dark phase corresponds to TiC, while the bright contrast area corresponds to the Fe binder phase. For the pulse shaping, pre-heating and cooling parameters were kept the same. The only change in laser melting peak power has been made to study the effect of laser melting peak on the microstructure and formation of the sample. LMP50, with the lowest peak power (i.e., 50 W) (Figure 5a) shows a gradient in the TiC phase with an inhomogeneous distribution of the TiC phases. A fine dendritic TiC phase can be seen in the melt pool center, while a coarser dendritic microstructure has formed at the melt pool boundary, which is typical of most SLM-based microstructures. These gradients in the TiC phase can be explained through the Gaussian distribution of the laser in the melt pool. The product of temperature gradient (G) and solidification rate (R), known as cooling rate (T = G × R), affects the microstructure’s characteristics [26,27,28,29].



Changes in the morphology of cermets may occur when they are exposed to high temperatures combined with a high cooling rate (Figure 5b–d). In additive manufacturing processes such as SLM, high cooling rates can be achieved in the range of 103 to 1011 K/s [32,33,34,35,36]. The morphology of the microstructure may be changed due to a variety of factors: (i) intrinsic, such as variations in density or volume, densification, and oxidation at the surface; or (ii) extrinsic, such as strains developed by external forces and momentums or thermal or thermoplastic strains during cooling. Most commonly, one of these factors is the difference in coefficients of thermal expansion (CTE) between the two materials. When cooling from melting at high temperatures, the CTE (α) may cause a differential strain between layers that results in residual stress in the SLM-built part [33,37].



Pre-heating and controlled cooling of the powder bed help to avoid the sudden cooling or melting of the powder bed. This pulse shaping technique helps to increase powder bed temperature as a preheating effect and thus helps in lowering thermal residual stress generation. For the lower melting peak sample LMP50, unmelted or partially melted powder particles can be observed in the melt pool or laser scan area, which could be due to lower laser power and the inhomogeneous distribution of the powder particles [14]. However, increasing the laser melting peak power led to a fine dendritic TiC morphology with a lower gradient size in the TiC phases (dendritic and coarser) (Figure 6b,c). This may be attributed to an increment in laser melting peak power, which raises the laser energy density and thus increases the temperature in the melt pool, affecting the sample’s heating/cooling rate. Cooling rate increases with LMP energy density. However, further increasing the laser’s power resulted in coarsening of the microstructure with a uniform distribution of TiC (Figure 6d). The high energy of the laser beam, which results in variation of the cooling rate and non-equilibrium circumstances during solidification, may be to responsible for such microstructural characteristics. No cracks are observed on the surface of the sample processed through pulse shaping, indicating that the pulse shaping technique is beneficial for crack elimination and optimal for TiC–Fe-based cermets.




3.3. Mechanical Properties


3.3.1. Hardness


Figure 7a shows the average microhardness values of TiC–Fe-based cermets fabricated by the SLM by pulse shaping with different LMP. The maximum hardness achieved for the SLM processed as-built parts was 1020 ± 53 HV1 for LMP70. The microhardness values for LMP50, LMP60, and LMP84, on the other hand, were 953 ± 130, 906 ± 86, and 1004 ± 46 HV1, respectively. The hard-ceramic phase volume area percentage and non-uniform distribution of the TiC particle can explain the variance in hardness values, since the indenter covers more of the harder phase in some areas and vice versa. The microhardness value shows a significant change as a function of the laser melting peak power. Because of the non-uniform distribution and significant gradient in TiC morphology, the microhardness value was low with a lower LMP (50 W). However, increasing LMP power (LMP60 and LMP70) makes the microstructure more homogeneous, which can lead to higher hardness for LMP70 with lower fluctuation in values due to higher volumetric quantity of TiC phases and more uniform distribution (Figure 6b,c). A low microhardness value has been observed for LMP84 with laser peak power (84 W) due to the presence of TiC phase coarsening, which may affect the microhardness value. The hardness values found in this study are equivalent to those reported in various previous studies [38,39,40]. The microhardness of TiC-based cermets, on the other hand, has been found to vary significantly depending on manufacturing technique, the type and amount of binder phase, and process defects during fabrication [31,37,41].




3.3.2. Fracture Toughness


Figure 7b shows the fracture toughness graph of the sample fabricated with different laser process parameters. The results show that measured fracture toughness has been affected by the LMP power [18,42,43]. Changing LMP power affects the microstructure and morphology of the finer and coarser TiC phases. Cermet’s toughness can be affected by the dual morphology of the phases of the TiC. For some as-built parts, the fracture toughness value shows large deviations, and there are many factors to be considered, such as crack systems, indenter geometry, the morphology of the ceramic and binder phase, etc. The maximum fracture toughness value is achieved for the sample with lower LMP. However, increasing LMP results in a decrease in the KIC value. The crack propagation mechanism could explain the variation in the fracture toughness value. The finer TiC particles lead to crack deviation more often, causing crack length to increase. As a result, the fracture toughness values for LMP50 and LMP60 are higher. Coarser microstructures impede the crack path, resulting in lower fracture toughness values for LMP84.



A stable crack propagation path was not achieved in the TiC-based cermets due to the high brittleness of the materials. Variation in TiC phase morphology affects the toughness mechanism of the SLM parts, which can be explained by the crack propagation behavior in the SLM parts (Figure 8). The larger particles of the TiC hinder crack propagation by deflection or bridging, and therefore consume fracture energy and improve the toughness of the material. The main toughness mechanisms of TiC–Fe-based cermets are the intergranular and transgranular bridging and deflection observed in the cracking behavior of the cermets under indentation load.






4. Conclusions


The fabrication of TiC–Fe-based cermets and the effects of laser process parameter with varying laser melting peak power have been studied, successfully adapting pulse-shaping technique through the SLM process. The following conclusions can be drawn from the present study:




	
Laser melting peaks have an impact on the microstructure formation of the as-built parts. The microstructure of the sample changes from a coarser to a finer dendritic TiC phase as the laser melting peak power changes.



	
The melting/cooling rate is controlled by the laser peaks and exposure time of a single pulse during the solidification of the melt pool, which gradually influences the microstructure and mechanical properties of the samples.



	
In brittle materials such as TiC–Fe-based cermets, the laser pulse shaping technique appears to be an effective way to remove cracks in as-built samples by reducing thermal residual stress.



	
The maximum microhardness and fracture toughness achieved for the as-built parts were 1020 ± 53 HV1 for LMP70 and 16.2 ± 0.4 MPa m1/2 for LMP60.
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Figure 1. Scanning electron microscopy images of the initial powders (a) Fe powder; (b) TiC powder; (c) mechanically mixed powder; and (d) particle size distribution of the mixed powder. 
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Figure 2. Schematics of the (a) SLM processing and laser exposure to powder bed, and (b) and single laser pulse to exposure point through pulse shaping technique. 
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Figure 3. Pulse shaping parameter showing the detail of a single pulse employed for the fabrication of TiC–Fe-based cermets with different laser melting peaks power (LMP) (a) LMP50, (b) LMP60, (c) LMP70, and (d) LMP84. 
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Figure 4. X-ray diffraction patterns of TiC-based cermets (a) as-built parts with different laser melting peak power processed through selective laser melting and (b) magnified view of the peaks. 
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Figure 5. Scanning electron micrograph of the longitudinal section/side view and energy dispersive spectrum point analysis of the SLM processed cermets fabricated with different laser melting peak power (a) LMP50, (b) LMP60, (c) LMP70, and (d) LMP84. 
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Figure 6. High magnification microstructures of the as-built cermets showing characteristic morphology of the TiC along the longitudinal section with different laser melting peak power for pulse shaping. (a) LMP50, (b) LMP60, (c) LMP70, and (d) LMP84. 
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Figure 7. Mechanical properties micrograph of TiC-based cermets fabricated as a function of laser melting peak by the SLM process (a)Vickers microhardness and (b) fracture toughness. 
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Figure 8. SEM images of the crack propagation path in TiC–Fe cermet with different laser process parameters (a) LMP50, (b) LMP60, (c) LMP70, (d) LMP84. 
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Table 1. Process parameters employed for the fabrication of SLM parts with different laser energy densities of LMP.
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	LMP (W)
	v (mm/s)
	h (mm)
	t (mm)
	LED (J/mm3)





	50; 60; 70; 84
	250
	0.05
	0.035
	114.2; 137.1; 160.0; 192.0
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