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Abstract

:

The development of the additive manufacturing (AM) technology proffers challenging requirements for forming accuracy and efficiency. In this paper, a hybrid additive manufacturing technology combining fusion-based selective laser melting (SLM) and solid-state cold spraying (CS) was proposed in order to enable the fast production of near-net-shape metal parts. The idea is to fabricate a bulk deposit with a rough contour first via the “fast” CS process and then add fine structures and complex features through “slow” SLM. The experimental results show that it is feasible to deposit an SLM part onto a CS part with good interfacial bonding. However, the CS parts must be subject to heat treatment to improve their cohesion strength before being sending for SLM processing. Otherwise, the high tensile residual stress generated during the SLM process will cause fractures and cracks in the CS part. After heat treatment, pure copper deposited by CS undergoes grain growth and recrystallization, resulting in improved cohesive strength and the release of the residual stress in the CS parts. The tensile test on the SLM/CS interfacial region indicates that the bonding strength increased by 38% from 45 ± 7 MPa to 62 ± 1 MPa after the CS part is subject to heat treatment, and the SLM/CS interfacial bonding strength is higher than the CS parts. This study demonstrates that the proposed hybrid AM process is feasible and promising for manufacturing free-standing SLM-CS components.
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1. Introduction


Selective Laser Melting (SLM) is an additive manufacturing (AM) process where a high-power laser is applied to selectively melt metallic powders layer by layer and eventually build a near-net-shape component. It offers the ability to rapidly produce a component having complex geometry with fine details, allowing for the customization of products at an acceptable cost, giving no material waste through recycling unprocessed powder. It is hence well recognized as the technology of future industry. SLM is a promising technology for producing metal parts with excellent mechanical properties, including high-density pure copper and other metals. Several investigations and developments have focused on optimizing laser parameters, scanning strategies and post-processing to achieve the desired results [1,2,3,4,5]. Adjusting laser parameters such as power, wavelength, spot size, and scanning speed is crucial for achieving the desired results in SLM. Optimizing these parameters can lead to better control over the melting and solidification of the metal powder, resulting in parts with improved mechanical properties. The way the laser scans and fuses the metal powder layers can significantly impact the quality of the final part. Various scanning strategies, such as hatch patterns, layer thickness, and laser path planning, can be optimized to reduce defects and ensure high-density parts. The choice of metal powder is critical. Pure copper is a material that can be challenging to work with due to its high thermal conductivity. However, with the right processing parameters and strategies, it is possible to achieve high-density parts with good mechanical properties. Post-processing steps, such as heat treatment and stress relief, can further enhance the mechanical properties of SLM-produced metal parts. These steps can help reduce residual stresses and improve the overall part quality. Implementing quality control measures during and after the SLM process is essential to ensure that the final parts meet the desired standards. Non-destructive testing methods, such as CT scanning, can be used to identify and address defects. Ongoing research and development in the field of SLM are essential to continually improve the process and push the boundaries of what is achievable in terms of material selection, part complexity, and mechanical properties. SLM is a rapidly evolving technology, and as advancements in laser technology, materials, and process control continue, it is becoming increasingly feasible to produce high-density, high-quality metal parts, including pure copper and other metals, for a wide range of applications. These developments have the potential to revolutionize industries such as aerospace, automotive, and medical devices, where high-performance metal components are essential.



Some studies [6,7,8] are focused on the microstructure evolution, formation of defects such as cracks, differences in mechanical properties, process parameters and methods of various alloy materials such as Inconel 718, Al-Si-10Mg, and Ti-6Al-4V during additive manufacturing. The studies involve experiments, analysis, and simulations to explore how these factors interact and influence the final product. These works can contribute to the advancement of SLM processes, optimal process window, and quality optimization. Due to the high cooling rate and fast solidification during the manufacturing process, SLM 316L stainless steel typically has a fine grain structure, thus having higher yield strength, tensile strength, and hardness as compared to forged and casted stainless steel [9]. With heat treatment, such fine grains of SLM 316L stainless steel grow into coarse grain, resulting in a significant decrease in strength and an increase in ductility [10,11]. Guo et al. [12] prepared Ti6Al4V-x Cu alloy using Ti6Al4V and Cu powder through SLM. The microstructure, corrosion resistance, antibacterial performance, and cell compatibility of Ti6Al4V-x Cu alloy were analyzed, which has important value in practical applications in orthopedics and dentistry. However, since a laser is required to locally melt powder over a very small area point by point and then layer by layer, the deposition rate of SLM process is rather low, which results in long manufacturing time, especially when making large components. This significantly limits the application of SLM technology in a broader field. Also, the printing efficiency of SLM process is relatively low. The processing speed of SLM is highly dependent on many factors, including processing powder materials, machine brands and models, processing parameters, and the complexity of the object to be printed. Generally, a deposition rate between 0.4 kg/h and 5.0 kg/h can be achieved for SLM [13,14,15].



Cold spray (CS) is an emerging solid particle deposition and AM technology [16,17,18]. Feedstock powders are accelerated by a supersonic gas passing through a de-Laval nozzle and subsequently impacting onto a substrate to form a coating or bulk structure. CS feedstock can be deposited onto various substrates without experiencing melting; therefore, defects associated with other fusion-based AM processes can be avoided in CS. Due to the deformation-induced dynamic recrystallization, the grains of CS 316L stainless steel are refined during deposition. Most importantly, the material deposition rate of CS is much faster than that of SLM [18]. For CS, the deposition rate of materials such as Al and Cu can easily reach dozens of kilograms per hour [19], which is far higher than that in SLM processes. However, due to the lack of manufacturing precision, CS products typically have a near net shape but with simple geometry and a rough surface in their as-fabricated state [17].



As discussed above and is also well addressed in the literature, SLM and CS each have unique advantages and drawbacks. The fusion-based SLM process excels in the production of complex parts which requires high spatial resolution but not in a time efficient manner, while the solid-state CS process builds component rapidly but lacks manufacturing accuracy [18]. Considering these, in 2018, Yin et al. have proposed a ‘hybrid additive manufacturing’ concept that combines SLM and CS to take the benefits of each process to realize fast and high-precision fabrication [17]. As preliminary studies, they successfully cold-sprayed metal materials onto substrates made by SLM and studied the CS/SLM interfacial microstructures, which is not difficult to implement. However, CS materials onto an SLM substrate may not be frequently encountered in practical engineering applications. A more realistic manufacturing route for the “hybrid” is to fabricate a bulk deposit with a rough contour first via CS and then add fine structures and complex features through SLM. Therefore, in this paper, in order to prove the feasibility of the aforementioned hybrid SLM/CS concept, we selected Cu as an exemplar material, used CS to make bulk Cu substrates, and then added fine features on the CS substrates via SLM. Following fabrication, the microstructures at the SLM/CS interfaces of the hybrid parts and bonding strength at the interface were also investigated.




2. Material and Methods


Figure 1 shows the schematic of the hybrid AM process. CS processes were conducted on a commercial CS system (PCS-1000, Plasma Giken, Japan) to fabricate thick plates for the following SLM processing. During the manufacturing process, the CS nozzle trajectory followed the standard zigzag pattern. Nitrogen is used as a propulsion gas. The SLM process was conducted on a commercial SLM machine (EOS M290, Germany) under a high-purity argon environment (Oxygen content below 1%). The Cu plates made from the previous CS processes were flattened via electrical discharge machining (EDM) and then used as the substrates for the SLM part fabrication. The substrates were preheated to 80 °C before spreading powders. Laser scans were applied in a zigzag pattern with an angle of 67° between adjacent layers. Detailed CS and SLM processing parameters are provided in Table 1.



Spherical Cu powders (Beijing COMPO Advanced Technology, Beijing, China) were used as raw materials for the fabrication of hybrid AM samples. The particle size range is 15~53 µm. The morphology of Cu powders is shown in Figure 2. In addition, for studying how the heat treatment of the CS part influences the SLM/CS interfacial microstructure and bonding, a CS Cu substrate was subject to heat treatment at 500 °C for 4 h with a heating rate of 10 °C/min before SLM processing. Based on the authors previous study [20], the cohesion strength of CS Cu could be significantly improved by the chosen of the heat treatment parameters. Figure 3a shows the photo of the Cu parts made via the hybrid AM process.



Figure 3a shows the as-fabricated part made with the hybrid AM process. A network structure is deposited on the CS block, with the black color as the empty part. Following fabrication, the microstructure of the hybrid AM parts was studied using an OM (optical microscope, Leica, Germany) and SEM (Carl Zeiss ULTRA, Germany). All samples were polished using standard metallographic procedures with the final polishing step applied using 0.06 μm colloidal silica solution. The polished Cu samples were etched with a regent of 5 g FeCl3, 10 mL HCl and 100 mL water. The porosity of CS and SLM components was measured using binary image analysis with open-source image analysis software (ImageJ). The cross-sectional image was converted to binary format, and then porosity was calculated as the area ratio between the black pores and the white surface background. The porosity of each sample was considered as the average of three randomly selected micrographs in each sample cross-section. Struers DuraScan 70 was used to perform Vickers microhardness measurements in the cross-section using a load of 200 g (HV 0.2) and distance between indentations of 0.2 mm. In order to measure the interfacial bonding strength between the SLM and CS parts, non-standard dog-bone-shaped tensile samples with a length of 12 mm, a gauge length of 6 mm, a width of 3 mm, and a thickness of 3 mm were extracted from the SLM/CS interfacial region with the interface located exactly in the middle of the tensile samples as shown in Figure 3b,c. The tensile samples were tested on Instron 5982 at a cross-head displacement rate of 0.2 mm/min.




3. Results and Discussion


To analyze the feasibility of the hybrid AM method for the SLM Cu deposited on the CS Cu, we conducted a comparative study on two types of mixed additive manufacturing samples with and without heat treatment. The microstructure, hardness, and bonding strength of the sample under the two conditions were discussed separately.



3.1. Microstructures of the Hybrid AM Sample (SLM Cu on as-Fabricated CS Cu)


Figure 4 shows the microscopic images of the interfacial microstructure of the SLM Cu deposited on as-fabricated CS Cu. As can be seen from the global view of the hybrid sample shown in Figure 4a, a large crack was found beneath the SLM/CS interface in the CS part, which almost detached the SLM part from the CS part. However, interestingly, the SLM/CS interface seems clear and well bonded, as shown in Figure 4b,c. The reason for the crack is possibly the high tensile residual stress generated in the CS part that was caused by the high energy density of the laser during the SLM process over the weak cohesion strength of the CS part [21]. It is well known that the strength of CS parts was normally much lower than the SLM counterparts since the interparticle bonding in CS parts is dominated by localized metallurgy and mechanical interlocking rather than complete metallurgy which dominates the interparticle bonding in SLM parts. Such a difference in microstructure can also be found in Figure 4c. The white dashed line in Figure 4c represents the interface between the SLM and CS parts. Due to the supersonic impact of the powder in the CS process, the deformed powder particle boundaries can be clearly seen below the dashed line. Above the dashed line, the boundaries of the powder particles are completely invisible, replaced by clear grain boundaries. In this study, interparticle boundaries that indicate incomplete metallurgical bonding between adjacent particles were clearly seen in the CS part after etching, while in the SLM part nearly all powder particles were fully melted to form complete metallurgy.



For further revealing the microstructural characteristics in the hybrid sample, Figure 5 shows the etched microstructure of the SLM/CS part. Clearly, there was a significant difference in microstructure between the CS part and the SLM part. For the SLM part, the boundaries between adjacent tracks can be clearly seen, together with some micro-pores, as shown in Figure 5a, which are the typical microstructure for SLM Cu. Due to the thermal effect of the laser, metallurgical bonding occurs among Cu particles. For the CS part in the as-fabricated state, the interparticle boundaries could be observed clearly after etching, as shown in Figure 5c. The particles in the CS part exhibit significant plastic deformation. The pores appearing in the SLM part of Figure 5b are a small number of local pores. From Figure 5a, it can be seen that there are few pores in the SLM part, while Figure 5c reflects the presence of more pores in the CS part. The CS part seems to have lower porosity than the SLM part. The SLM/CS interface shown in Figure 5b presents a large crack just beneath the interface. These findings are in consistent with the SEM observation shown in Figure 4.



During the hybrid AM process, the strength of the CS part is normally weak, as discussed above. The rapid local heat generation and high cooling rates typically result in significant thermal gradients, leading to the formation of greater residual stresses within the sample [22]. The main factor causing these residual stresses is the shrinkage that occurs after the laser processing. However, the colder CS part below limits this shrinkage, leading to the development of compressive stress at the top layer of the CS part (interface) and tensile stress below it [23]. Therefore, once the tensile residual stress exceeds the strength of the CS Cu part, cracks nucleate and propagate at the location where residual stress reaches the maximum [24,25,26]. Such cracks will be significantly harmful to the bonding strength between SLM and CS parts. Despite the formation of large crack in the CS part, the SLM/CS interface itself had no significant defects (e.g., large cracks and pores), as revealed by Figure 4b,c. The SLM part bonded well with the CS part. This phenomenon implies that it is feasible to deposit Cu on CS Cu via SLM as long as the formation of cracks is prevented. Our solution is, hence, to heat-treat the CS Cu part to improve its interparticle metallurgical bonding before it is subject to SLM processing, which will be described in the next section.




3.2. Microstructures of the Hybrid AM Sample (SLM Cu on Heat-Treated CS Cu)


Figure 6 shows the interfacial microstructures of the hybrid AM sample (SLM Cu on heat-treated CS Cu). The white dashed line is the boundary line of the SLM/CS interface. As can be seen, after the CS Cu substrate was heat-treated, the CS part remained intact with no cracks found beneath the SLM/CS interface. This is because the interparticle bonding and overall cohesion strength of the CS part were significantly improved after heat treatment. From Figure 6c, it can be seen that, due to the process without heat treatment in the SLM part, the microstructure displayed above the dashed line is consistent with Figure 4c. However, due to the heat treatment of the CS part, the microstructure below the dashed line underwent significant changes. The boundary between the powder particles in the CS part disappears. The stronger bond is formed in the material. This can be proved by the etched OM microstructure shown in Figure 7, where interparticle boundaries could not be observed anymore in the CS Cu part. Instead, the CS part was characterized by large equiaxed grains and twining due to the recovery and recrystallization during the heat treatment [27,28]. Therefore, even though the SLM process caused high residual stress in the CS part, the high cohesion strength is able to withstand the nucleation of cracks. In addition, it can also be seen from Figure 6 and Figure 7 that the SLM/CS interface exhibited good metallurgical bonding features and is free of significant metallurgical defects. These facts suggest that improving the CS Cu strength through conventional heat treatment can prevent the formation of cracks and provide good SLM/CS interfacial bonding.



According to the measurement of the porosity, the porosity of SLM parts in their as-fabricated state is approximately 0.27%, which is larger than that of CS parts at 0.07%, further confirms the lower density of SLM parts than that of CS parts. During the heat treatment process, there are chemical reactions occurring in the material which generate some oxides while generating even more pores. From Figure 7, we can see that pores were formed in the CS part after heat treatment. The following text also shows the generation of oxides after heat treatment. Therefore, the porosity of heat-treated SLM parts is increased compared to the as-fabricated state, estimated to be 0.68%, and it is also one of the important reasons for the sharp decrease in the hardness of the CS part after heat treatment. Another reason for the increase in porosity is the shrinkage of the material after the heat treatment. However, the stronger bond is formed in the material.




3.3. Hardness and Interfacial Bonding Strength of the Hybrid AM Cu Sample


Figure 8 shows the hardness of the two hybrid samples measured across the SLM/CS interface. For the SLM Cu on as-fabricated CS Cu, the hardness of the SLM part is relatively consistent, approximately 80 MPa. However, at the SLM/CS interface, there was a dramatic change in the hardness of the tested surface, from 80 HV0.2 to around 145 HV0.2. The hardness of the CS part is also relatively consistent, about 145 HV0.2. For the SLM Cu on heat-treated CS Cu, the hardness variation of the tested surface is exactly the opposite. The hardness at the SLM/CS interface sharply decreased from 80 HV0.2 to 40 HV0.2. Finally, the hardness of the CS part after heat treatment remains at 40 HV0.2. It is seen that heat treatment dramatically reduced the hardness of the CS part from 145 HV0.2 to 40 HV0.2 due to the grain growth and micro pores. After heat treatment, the hardness difference between the SLM and CS parts were reduced.



Section 3.1 and Section 3.2 of this study have yielded insights into the enhancement of interfacial bonding between the SLM and the CS parts through a strategic heat treatment of the CS part before SLM processing. The intention behind this approach was to systematically assess and quantify the improvements in interfacial bonding. In the following discourse, we delve into the details of this process and the mechanisms responsible for the observed changes.



Figure 9 presents the stress–strain curves of the tensile samples extracted from the interfaces, along with the corresponding average strength values. These results vividly illustrate the significant improvement in interfacial bonding strength. Prior to the heat treatment, the interfacial bonding strength was measured to be 45 ± 7 MPa. However, after the CS part underwent the prescribed heat treatment, this strength increased by an impressive 38% to 62 ± 1 MPa. This remarkable boost in interfacial bonding strength can be attributed to several factors, primarily centered around the effects of the heat treatment process. The enhancement in interfacial bonding strength after heat treatment can be directly correlated with the intensified mass diffusion and recrystallization occurring at the interface between the CS and SLM parts. These phenomena are consistent with the well-established principles of metallurgy, specifically the concepts of grain boundary migration and recrystallization that strengthen the bonds at the interface. These findings are consistent with prior research in the field [29,30,31], adding valuable insights to the existing body of knowledge.



In addition, it is also found that both samples fractured in the CS part rather than the interface, which indicates that the SLM/CS interfacial bonding is stronger than the CS parts even after heat treatment. The SLM/CS combination can withstand higher stresses without failure due to the superior bonding at the interface. For a deeper understanding of the fracture mechanism and the validation of the aforementioned findings, Figure 10 provides the SEM images of the fracture surfaces of the tensile samples. The fracture mechanism in the as-fabricated CS part exhibits a bi-modal pattern, characterized by a portion of the fractures occurring through the interparticle boundaries, as evidenced by smooth particle surfaces and equiaxed grains. The rest of the fractures are observed to traverse the particles themselves, as indicated by the presence of dimples on the fracture surfaces. However, in the heat-treated CS part, a noteworthy transformation is observed while the bi-modal fracture mechanism is still present. Notably, the heat treatment process leads to the formation of new oxides on the particle surfaces. These oxides play a crucial role in enhancing the bond at the interface. Furthermore, the presence of more dimples on the fracture surfaces of heat-treated specimens implies improved bonding, as dimples are characteristic of ductile failure and energy-absorbing mechanisms.



The results from Section 3.1 and Section 3.2 confirm that the application of heat treatment to the CS part before SLM processing leads to a significant improvement in interfacial bonding strength. This improvement can be attributed to enhanced mass diffusion, recrystallization, and the formation of new oxides at the interface. The fact that fractures occurred primarily within the CS part, even after heat treatment, underscores the effectiveness of the SLM/CS interfacial bonding. These findings shed light on the promising prospects of utilizing heat treatment as a means to strengthen the interfacial bonding between the SLM and CS components.





4. Conclusions


This paper presents a hybrid additive manufacturing (AM) process, combining fusion-based selective laser melting (SLM) and solid-state cold spraying (CS), for producing near-net-shape metal parts with high speed. The process begins with the deposition of a bulk deposit with a rough contour via the “fast” CS process, and then fine structures and complex features are added via the “slow” SLM process. It was found that SLM processing onto CS parts can lead to good interfacial bonding, but the CS parts must undergo heat treatment to improve the cohesion strength prior to SLM processing. Without addressing the high tensile residual stress caused by the SLM process, fractures and cracks may occur in the CS part. Applicable heat treatment conditions can transform the mechanical engagement of the CS part into metallurgical bonding and produce some high-strength oxides, thereby improving the bonding strength and reducing the cracks in the CS part. The results from the tensile tests on the SLM/CS interfaces indicated that the bonding strength increased by 38% from 45 ± 7 MPa to 62 ± 1 MPa following heat treatment. This study provides evidence that the proposed hybrid AM process is feasible and promising for the rapid production of free-standing SLM-CS components.
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Figure 1. The flowchart of the hybrid AM process. 
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Figure 2. The morphology of the Cu powders used for SLM and CS. 
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Figure 3. (a) The photo of the hybrid AM Cu part, (b) non-standard dog-bone tensile sample, and (c) dimensional diagram of the tensile specimen. 
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Figure 4. Interfacial microstructure of the hybrid SLM Cu on as-fabricated CS Cu observed using SEM. (a) Global view of the SLM/CS part, (b) local SLM/CS interface, (c) etched local SLM/CS interface. 
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Figure 5. The cross-sectional microstructure of the hybrid SLM Cu on as-fabricated CS Cu after etching observed via OM. (a) SLM part, (b) SLM/CS interface, and (c) CS part. 
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Figure 6. Interfacial microstructure of the hybrid SLM Cu on heat-treated CS Cu observed via SEM. (a) Global view of the SLM/CS part, (b) local SLM/CS interface, (c) etched local SLM/CS interface. 
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Figure 7. The cross-sectional microstructure of the hybrid SLM Cu on heat-treated CS Cu after etching observed via OM. (a) SLM/CS interface, (b) CS part. 






Figure 7. The cross-sectional microstructure of the hybrid SLM Cu on heat-treated CS Cu after etching observed via OM. (a) SLM/CS interface, (b) CS part.



[image: Jmmp 07 00188 g007]







[image: Jmmp 07 00188 g008] 





Figure 8. Hardness of the two hybrid samples measured across the SLM/CS interface. 
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Figure 9. Stress–strain curves of the tensile samples extracted from the interfaces and the corresponding average strength. 
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Figure 10. SEM images of the fracture surfaces of the tensile samples. (a) The as-fabricated CS part, (b) the heat-treated CS part. 
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Table 1. Manufacturing parameters of the hybrid AM process.
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CS

	
Gas

	
Pressure

	
Temperature

	
Standoff Distance

	
Hatch Distance

	
Nozzle Moving Speed




	
N2

	
3.0 MPa

	
800 °C

	
35 mm

	
3.5 mm

	
50 mm/s




	
SLM

	
Chamber

	
Laser spot diameter

	
Laser power

	
Layer thickness

	
Hatch distance

	
Laser moving speed




	
Ar

	
100 μm

	
300 W

	
30 μm

	
80 μm

	
1.0 m/s
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