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Abstract

:

Cracks usually generate during the formation of beads composed of a WC-12mass%Co cemented carbide by the laser metal deposition (LMD). Measuring temperatures of the formed bead and substrate during the LMD process is important for realizing crack-free beads. In this study, temperatures of the substrate around the formed bead during the LMD process were measured using a thermoviewer. Temperatures of the formed beads during the LMD process were predicted by simulation based on the thermal conduction analysis using the experimentally measured temperatures of the substrate. The experimental results obtained during forming the WC-12mass%Co cemented carbide beads on JIS SKH51 (ISO HS-6-5-2) substrates showed that the maximal temperatures of the substrates at 0.2 mm away from the center of the formed beads ranged from 229 °C to 341 °C at laser powers ranging from 80 W to 160 W. The predicted maximal temperatures of the formed beads were in the range of 2433 °C to 4491 °C in the simulation using a laser absorption coefficient of 0.35 for the substrate. Validity of these simulation results was discussed based on the melting point of the substrate and microstructures of the formed WC-12mass%Co cemented carbide beads.
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1. Introduction


In recent years, industrial sectors have witnessed a dramatic increase in the demand for inexpensive jigs with superior mechanical properties. Nonetheless, the conventional choice of using cemented carbides to meet these requirements has presented two significant hurdles. First, cemented carbides are expensive materials, which make it difficult to manufacture cost-effective jigs [1]. Second, when costs become the primary concern, the mechanical properties of cemented carbides tend to deteriorate [2]. Utilizing a tool steel for a majority of jig components has emerged as a promising strategy to address these issues. Tool steel is a less expensive alternative material that offers decent mechanical properties [3]. By employing tool steels in the majority of the jig’s components, manufacturers can reduce the overall price without sacrificing performance. In order to ensure that the jigs possess sufficient wear resistance, cemented carbides are applied selectively to specific regions that experience excessive wear [4]. This strategic placement of cemented carbides enables the instruments to maintain their durability and performance in critical areas while minimizing the associated cost. Additive manufacturing (AM) technologies are promising approaches to promote this strategic placement of cemented carbides. AM technologies are already being used for industrial products in the fields of the aerospace industry, biomedical applications, and so on [5,6,7,8,9].



Among AM technologies, the laser metal deposition (LMD) method is an innovative process that implements a laser as a precise and controlled heat source to melt powder materials and generate a cladding layer with a distinct composition on the substrate [10,11,12,13,14,15]. This method minimizes the thermal impact on the substrate and facilitates the formation of a specific localized cladding layer. It can also enable the formation of a cladding layer with a specific composition tailored to the desired properties or functionalities [16]. Different types of powder materials can be fed into the laser beam, ranging from metals and alloys to ceramics or composite powders [17]. This flexibility enables the production of cladding layers with superior hardness, wear resistance, corrosion resistance, or even entirely new material combinations [18]. Nevertheless, one of the problems associated with this method is its tendency to frequently generate voids and cracks within the deposited spots, which, in turn, can undermine its structural integrity and strength [19,20]. Consequently, it has become imperative to conduct research and experiments aiming to develop and implement effective techniques to mitigate and reduce the occurrence of these undesirable voids and cracks. By doing so, it becomes possible to enhance the practical viability and reliability of this method for a wide range of real-world applications.



One of the reasons for the formation of voids is that granulated powders of cemented carbides include many voids. In order to reduce the voids, plasma treatment has been applied to granulated powders [21]. Suppressing cracks is also important for successful LMD processing. Extensive research has shown that a direct relationship exists between the laser input energy and the number of the formed cracks, as well as the size of the cracks, during the LMD process [19]. By accurately measuring temperatures of the formed bead and its immediate surroundings, we can obtain valuable insights into the thermal dynamics that lead to forming cracks. Crack initiation can be attributed to differences in material properties between a substrate and a cladding material, as well as changes in microstructures. Temperature is a key factor to understand these phenomena in detail [22]. Many researchers have attempted to measure temperatures of cladding beads using a two-color radiation thermometer, but it is assumed that the values of the emissivity for the radiation with the respective two wavelengths are constant and the temperature is accurate. However, it is difficult to measure the temperature accurately because the values of the emissivity for the radiation with the two respective wavelengths must be constant. Therefore, in this study, a blackbody coating material with a specified emissivity was applied on substrates. Then, substrate temperatures were accurately measured. Based on the results, temperatures of the cladding beads were estimated by simulation because the temperatures of the beads cannot be measured directly due to the melting of the blackbody-coated substrates. The estimated temperatures of the cladding beads are important information to consider the changes in metallographic microstructures that lead to crack initiation and propagation. It is expected that this approach promotes the development of LMD technology with respect to crack suppression.




2. Experimental Procedures


2.1. Laser Metal Deposition


The LMD method is a technology that can form a metallic layer on the surface of a substrate by melting a supplied metallic powder using a laser beam. In this study, a multi-beam-type LMD (M-LMD) device (ALPION Series, Muratani Machine Inc., Ishikawa, Japan) was used [23]. The M-LMD device has been developed for realizing the precise and minimized heat-affected zones. In the M-LMD device, multiple laser beams are focused on an area of the surface of the substrate to form a cladding layer. The schematic diagram of this device is shown in Figure 1.



Table 1 presents the parameters for forming beads using the M-LMD device applied in this study. With this M-LMD device, the wavelength of the six diode laser beams is 975 nm. The laser-focusing spot diameter was 0.3 mm. The scanning speed was maintained at 20 mm/s, and five conditions of laser power were set at 80, 100, 120, 140, and 160 W (in 20 W increments). The used substrate was JIS SKH51 (ISO HS-6-5-2) with dimensions of 20 mm × 40 mm × 60 mm. The used powder was a WC-12mass%Co cemented carbide (Powlex Co., LTD., Tokyo, Japan). The powder was supplied at 20 mg/s with argon gas. A bead with a length of 10 mm was formed by the M-LMD device. The position for forming beads on the substrate is shown in Figure 2. The beads were formed at a position of 5 mm away from the left edge of the substrate and moved 10 mm to the right. Forming a bead was performed three times in each condition.




2.2. Temperature Measurement by Thermoviewer


Temperature measurements were conducted using a thermoviewer (PI 640MO, Optris). The specification of the thermoviewer device is listed in Table 2. When utilizing the thermoviewer for temperature monitoring during the M-LMD process, it is essential to precisely determine the emissivity of the used materials. Therefore, the substrate is in a molten state in the laser-irradiated region, making it difficult to determine the emissivity. In order to overcome this problem and guarantee accurate temperature measurements, a blackbody coating material (JSC-3, Japansensor Inc., Tokyo, Japan) was carefully coated onto the surface of the substrates before performing the M-LMD process. The blackbody coating material exhibited distinct characteristics that provide it well-suited for this particular application. With a remarkable thermal stability reaching a temperature as high as 1500 °C, this coating material exhibits an exceptional capacity to endure the rigorous thermal conditions encountered throughout the LMD process. Moreover, it is worth noting that the blackbody coating material exhibits a well-established and consistent emissivity value of 0.94, thereby offering a dependable point of reference for accurate temperature examinations. Through the application of the blackbody coating material, the inherent uncertainties arising from the molten state of the substrate and the variations in emissivity within the surrounding areas are effectively alleviated. The implementation of this approach facilitates the acquisition of temperature measurements that exhibit enhanced precision and reliability throughout the M-LMD process. The implementation of the blackbody coating material guarantees the attainment of dependable temperature measurements, thereby enabling accurate control and observation of the M-LMD process.



In Figure 3, the experimental setup for temperature monitoring using the thermoviewer is shown. It demonstrates that a powder injection nozzle is fixed above the bead forming region, facilitating powder injection and laser irradiation. As a result, direct temperature measurement from above is not feasible due to the obstructed view caused by the presence of the nozzle. Moreover, employing the thermoviewer to determine the location of laser irradiation after taking temperature measurements may introduce inaccuracies due to the specific angle employed during the measurement process. To tackle this challenge and ensure accurate temperature measurements, a leveling device was employed, as depicted in Figure 4. The purpose of this leveling device is to determine the camera angle used for the temperature measurements. By precisely measuring the camera angle, any potential errors arising from the specific angle during the measurement process can be accounted for and mitigated. For the described experiment, the camera angle was measured to be 31° using the leveling device. This measurement serves as a crucial calibration parameter that enables the accurate interpretation of the temperature data obtained from the thermoviewer.



In order to conduct a comprehensive thermal analysis, temperature measurements were acquired at a specific point situated at a distance from the bead. The temperature measurements were graphically represented in order to observe and analyze the temporal variations in temperature. Despite the presence of a blackbody coating material on the surface of the substrate in the bead area, the cladding process was executed on the aforementioned blackbody coating material, leading to the emergence of diverse emissivity. Additionally, it is important to consider the pixel size and field of view of the thermoviewer utilized in this study. Each pixel of the thermoviewer corresponds to an area of 0.03125 mm × 0.03125 mm. With this information, the location for measuring the temperature can be determined, taking into account the camera angle as well. Therefore, this study chose 0.2 mm away from the bead center as the optimal location for temperature evaluation, where the integrity of the blackbody coating material is not affected by the M-LMD process (in Figure 2).




2.3. Temperature Estimation by Simulation


To supplement the experimental results, a simulation of the LMD process was performed using Simufact Welding, which is specialized thermal conduction analysis software. This simulation sought to predict the temperature distribution near the laser-irradiated area. In this simulation, we attempted to predict temperature distribution of the substrate at a distance from the laser irradiation position and the bead area. Simufact Welding software uses advanced algorithms and numerical methods to simulate the complex heat transfer phenomena that occur during the LMD process. By entering relevant information such as the laser power, scanning speed, material properties, and boundary conditions, the software can generate a temperature profile around the laser-irradiated area. In the simulation, heat energy was applied to the substrate and a bead part made by CAD data was prepared in advance. The CAD data were converted into mesh data for detailed analysis. Then, the temperature was calculated based on the heat conduction analysis.



Figure 5 illustrates the models used for the simulation of the substrate and the bead. The substrate was set to 20 mm × 40 mm × 1 mm. Normally, the thickness dimension should match the actual substrate. However, no significant effect on the temperature of the substrate and the bead was observed when varying the thickness dimension. Therefore, for this study, the thickness was set to 1 mm. A mesh size of 0.43 mm × 0.43 mm × 0.1 mm was used for the substrate model. Additionally, for the area surrounding the bead region, considering a laser focal diameter of 0.3 mm, the mesh size was set to 0.05 mm × 0.05 mm × 0.1 mm. The material used for the substrate model was JIS SKH51. As depicted in Figure 5, the bead size was set to 10 mm × 0.3 mm × 0.1 mm. For the bead model, a mesh size of 0.05 mm × 0.05 mm × 0.05 mm was created. The material used for the bead was the WC-12mass%Co cemented carbide. The bead was placed in the center of the substrate. The physical properties of the JIS SKH51 and the WC-12mass%Co cemented carbide are presented in Table 3 [24,25,26,27]. The physical properties of the WC-12mass%Co cemented carbide were calculated from the physical properties of WC and Co obtained from [28].



First, by assuming that density is linear with volume fraction, the density, ρ(g/cm3), of the cemented carbide was calculated from the following equation:


  ρ =   ρ   m     1 − R   +   ρ   b   R ,  



(1)




where     ρ   m     is the density of WC (g/cm3),     ρ   b     is the density of Co (g/cm3), and R is the volume fraction of Co. Second, by assuming that specific heat capacity was linear with mass fraction, specific heat capacity, c (J/(g·K)), was calculated from the following equation:


  c =   c   m       1 −  ⁡    1     1 +  ⁡  (   1   R   − 1 )     ρ   m       ρ   b             +   c   b       ⁡    1     1 +  ⁡  (   1   R   − 1 )     ρ   m       ρ   b             ,  



(2)




where     c   m     is the specific heat capacity of WC (J/(g·K)) and     c   b     is the specific heat capacity of Co (J/(g·K)). By assuming that latent heat for melting is linear with mass fraction, latent heat for melting, L (J/kg), was calculated from the following equation:


  L =   L   m       1 −  ⁡    1     1 +  ⁡  (   1   R   − 1 )     ρ   m       ρ   b             +   L   b       ⁡    1     1 +  ⁡  (   1   R   − 1 )     ρ   m       ρ   b             ,  



(3)




where     L   m     is latent heat for the melting of WC (J/kg) and     L   b     is latent heat for the melting of Co (J/kg). Finally, thermal conductivity, K (W/(m·K)), was calculated using a model based on the parallel and series composite springs described by the following equation:


  K =   K   m   ( 1 −  R  ) +     ⁡    1     ⁡    1 −  R      K   m     +    R      K   b              R  ,  



(4)




where     K   m     is the thermal conductivity of WC (W/(m·K)) and     K   b     is the thermal conductivity of Co (W/(m·K)). The melting temperature, T (K), was determined from the pseudo-equilibrium phase diagram of WC-Co cemented carbides [29].



For temperature predictions through simulations, two points were considered: a point in the substrate away from the laser-irradiated area and another point at the center of the laser-irradiated area. The simulation parameters are presented in Table 4. The scanning speed was kept constant at 20 mm/s, and the laser power was varied in five conditions from 80 W to 160 W in increments of 20 W. The radius and depth of the heat source are illustrated in Figure 6. The cylindrical heat source radius, r (mm), was set at 0.15 mm, considering the laser-focusing spot diameter. The heat source depth, d (mm), was set at 0.1 mm, because a laser absorption phenomenon usually occurred on the surface of the substrate. The heat source position was set between the surface of the substrate and that of the bead in the simulation. The laser absorption coefficients of the powder (WC-12mass%Co) and the substrate (JIS SKH51), determined using a laser wavelength of 1 μm, were 0.82 [30] and 0.35 [31], respectively. Most of the laser passes through the powder and reaches the substrate; therefore, the energy efficiency of heat source was set at 0.35.





3. Results and Discussion


3.1. Temperature around the Bead Measured by the Thermoviewer


Figure 7 presents thermal profiles during the experiments. The temperature changes over time for each laser condition are shown in Figure 8. It can be observed that as the laser power increases, the maximal temperature of the substrate also increases. Additionally, Figure 9 shows a bar graph of the maximal temperature for each laser condition. It can be observed that the temperature reached 229 °C for a laser power of 80 W and 341 °C for a laser power of 160 W. These findings can be explained using the equation for the input energy per unit area, E (J/mm2), as follows:


  E =   P   V D   ,  



(5)




where P is the laser power (W), V is the laser scanning speed (mm/s), and D is the laser spot diameter (mm).



In this experiment, the laser scanning speed was maintained at a constant value for each condition, while the laser power was varied. As a result, the input energy to the substrate was directly influenced by the laser power. When the laser power increased, it led to a corresponding increase in the input energy delivered to the substrate. As the input energy increased, more heat was generated, resulting in a higher peak temperature within the substrate. Therefore, it can be inferred that the increase in laser power is the primary factor contributing to the elevation of the peak temperature in the substrate.




3.2. Temperature Prediction by the Simulation


Figure 10 shows the simulation images corresponding to each LMD condition. The images reveal notable changes, i.e., the thermal influence on the substrate expanded as the laser power increased. This expansion of thermal influence signifies that a higher laser power resulted in a larger affected area on the substrate due to the increased heat input.



Figure 11 shows the simulated maximum temperatures at a position 0.2 mm from the center of the bead area, which is the same position as in the thermoviewer experiment. The simulation was performed using a laser absorption coefficient of 0.35, which was the absorption coefficient of the substrate. In addition, temperature simulation results obtained using the laser absorption coefficient of 0.1 and 0.2 are shown. At a laser absorption coefficient of 0.35, the simulated maximum temperatures did not match the experimental results obtained by the thermoviewer. At the laser absorption coefficient of 0.1, the temperature-incremental trend was close to the experimental results obtained via the thermoviewer. Figure 12 shows the maximal temperatures at the center of the beads and a height of 0.05 mm from the substrate surface for each laser irradiation condition. When a laser absorption coefficient of 0.1 was applied, the maximal temperature was 1465 °C even at 160 W. This means that the maximal temperature of the bead formed by 160 W was barely able to reach the melting point of the substrate. Thus, it can be said that applying the laser absorption coefficient of 0.1 is not appropriate for forming beads. Considering the situation in which the bead was formed at 80 W, it is reasonable that the absorption coefficient should be 0.2 or higher. However, these values of absorption coefficient do not match the temperature measurement results with the thermoviewer, as shown in Figure 9 and Figure 11. Gas blowing, which was used when supplying the powder during the LMD process, was not taken into account in the simulation; thus, it can be considered that the simulation condition without gas blowing caused the higher temperature at the surface of the substrate. Figure 13a–c show SEM images of the cross-sections of the beads. At a laser power of 80 W, angular grains of the WC phase and dendritic structures composed of M6C phase [15] can be seen as shown in Figure 13a. With the increase in laser power, the volume fraction of the WC grains decreased. Instead, it can be confirmed that the grain growth of the dendritic structures of M6C phase progressed as the laser output increased. Considering the formed microstructures and the pseudo-equilibrium phase diagram [29], it was suggested that simulation using a laser absorption coefficient between 0.1 and 0.2 may indicate more accurate temperatures of the beads in terms of microstructural point of view. The M6C phase is well known for affecting the fracture toughness [32]. As the laser power increased, the volume fraction and size of M6C phase increased. These microstructural changes can be considered as a contributing factor for the increase in the number of cracks. In our previous research, we investigated the number of cracks using an AE sensor and obtained the results shown in Figure 14 [18]. These results show that the number of cracks indeed increased as the laser power increased, resulting in increasing the risk of crack initiation. These results correspond well with the microstructural observations of the formed beads.





4. Conclusions


The substrate temperatures around the beads were measured using the thermoviewer when the beads were formed by M-LMD (multi-beam-type laser metal deposition). The internal temperatures of the beads during the LMD process were evaluated through the simulation based on the temperature measurements of substrates obtained using the thermoviewer. The obtained results are summarized below.




	(1)

	
An increase in laser power leads to an increase in substrate temperature. The substrate temperatures at a point located 0.2 mm away from the center of the bead area, with a scanning speed of 20 mm/s and laser powers of 80 W and 160 W, were found to be 229 °C and 341 °C, respectively.




	(2)

	
Based on the simulation results obtained using the thermal conduction analysis software, at a laser absorption coefficient of 0.35, temperatures of the bead area were predicted to be approximately 2433 °C at a laser power of 80 W and 4491 °C at a laser power of 160 W, at a scanning speed of 20 mm/s. However, the simulated maximum temperatures at a position of 0.2 mm from the center of the bead area using the laser absorption coefficient of 0.35 did not match the experimental results obtained by thermoviewer. Considering the melting point of substrate and formed microstructures of the beads, it was suggested that the simulation results using laser absorption coefficients between 0.1 and 0.2 may indicate more accurate temperatures of the beads.




	(3)

	
At a laser power of 80 W, angular grains of WC phase and dendritic structures composed of M6C phase were observed in the formed bead. With the increase in laser power, the volume fraction of the WC grains decreased. In addition, it can be confirmed that the grain growth of the dendritic structures of M6C phase progressed as the laser output increased.
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Figure 1. Schematic diagram of the M-LMD device. 
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Figure 2. Schematic diagram showing the position of the bead on the substrate and the temperature measurement position using a thermoviewer. 
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Figure 3. Experimental setup for temperature monitoring using the thermoviewer. 
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Figure 4. Camera angle relative to the bead position. 
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Figure 5. (a) CAD model and (b) meshes in the model for the simulation. 
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Figure 6. The cylindrical heat source with a radius, r, and a depth, d. 
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Figure 7. Thermal distributions during the experiments at (a) 80 W, (b) 100 W, (c) 120 W, (d) 140 W, and (e) 160 W. 
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Figure 8. Profiles of substrate temperature obtained at a point of 0.2 mm away from the bead center using the thermoviewer for each laser condition. 
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Figure 9. Maximal temperatures of the substrates obtained via the thermoviewer. 
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Figure 10. Temperature distribution of the beads, substrate surface, and cross-section at the center of the substrate corresponding to each LMD condition obtained by the simulation with the laser absorption coefficient of 0.35 after 0.25 s from the start of forming the bead. (a) 80 W, (b) 100 W, (c) 120 W, (d) 140 W, and (e) 160 W. 
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Figure 11. Maximal temperatures at 0.2 mm away from the bead area for each laser power using the simulation approach. 
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Figure 12. Maximal temperatures at the center of the beads for each laser power using the simulation approach. 
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Figure 13. Cross-sectional SEM images of the beads cladded on the substrates with (a) 80 W, (b) 120 W, and (c) 160 W. 
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Figure 14. The average number of cracks detected by the AE sensor vs. laser power [18]. 






Figure 14. The average number of cracks detected by the AE sensor vs. laser power [18].



[image: Jmmp 07 00192 g014]







 





Table 1. Parameters for forming beads using the M-LMD.
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Parameter

	
Unit

	
Value






	
Laser power

	
W

	
80

	
100

	
120

	
140

	
160




	
Scanning speed

	
mm/s

	
20




	
Powder feeding rate

	
mg/s

	
20




	
Laser wavelength

	
nm

	
975




	
Laser focusing spot diameter

	
mm

	
0.3











 





Table 2. Specifications for the thermoviewer.
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	Specification Items
	Unit
	Value





	Resolution
	pixel
	640 × 120



	Sensitivity
	K
	0.075



	Viewing angle
	degree
	12 × 9



	Temperature range
	°C
	200~1500



	Frame rate
	Hz
	125










 





Table 3. Physical properties of the JIS SKH51, WC, Co, and WC-12mass%Co cemented carbide.
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	Properties
	Unit
	SKH51
	WC
	Co
	WC-12mass%Co





	Thermal conductivity
	W/(m·K)
	22
	29.3
	99.2
	35.1



	Specific heat capacity
	J/(g·K)
	0.52
	0.18
	0.42
	0.20



	Density
	g/cm3
	8.2
	15.8
	8.9
	14.5



	Melting temperature
	K
	1703
	3058
	1767
	2823



	Latent heat for melting
	J/kg
	272,500
	445,000
	260,000
	422,800










 





Table 4. Simulation parameters.
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Parameter

	
Unit

	
Value






	
Laser power

	
W

	
80

	
100

	
120

	
140

	
160




	
Scanning speed

	
mm/s

	
20




	
Cylindrical heat source radius, r

	
mm

	
0.15




	
Cylindrical heat source depth, d

	
mm

	
0.1
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