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Abstract

:

As an additive-manufacturing (AM) technique, powder-bed fusion (PBF) shows tremendous potential in both the research and industrial communities. Research on the post-treatment of PBF-prepared products is a hot topic. Hydrogen embrittlement (HE) resistance is a practical necessity, especially in microstructures. Here, the effect of annealing and hot isostatic pressing (HIP) on the properties of PBF technology-printed CoCrFeNiMn high-entropy alloys (HEAs) is investigated. The results show that these two post-thermal treatment approaches can release residual stress (from approximately 338 to 44 MPa) from PBF-printed samples, which is the main reason for declines in hardness (from approximately 211 to 194 HV). In addition, both annealing and HIP can reduce HE sensitivity, thus improving resistance to HE, with elongation increasing by 75.4% and 85.4% after annealing and HIP, respectively. In summary, both post-thermal treatments are of great significance to the development of HEAs with optimized structures and protection against HE, which can contribute to the development of these behaviors during application.
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1. Introduction


In recent years, the progress in additive manufacturing (AM) for processing high-entropy alloys (HEAs) has increasingly attracted attention in both the fields of academia and engineering [1,2,3,4,5]. Powder-bed fusion (PBF) printing technology possesses great potential for manufacturing HEA products with superior mechanical properties, thereby motivating their mass production for engineering applications. Furthermore, in respect of metal manufacturing, PBF is increasingly being employed due to its high degree of fabrication freedom without the use of other part-specific supplies, short design and fabrication periods, and the revolution of conventional manufacturing technologies in realizing an immense amount of time saved and low commercial costs [6,7,8]. In short, not only does PBF manufacturing not require extra devices, but it is also not restricted by complex part geometry, giving rise to multitudinous advantages, such as speediness, a short production period, and low cost [9,10,11,12,13].



Recently, HEAs have become a research hotspot in the field of alloys [14], because their high-mixing configurational entropies can help to stabilize solid solutions consisting of simple underlying face-centered cubic (FCC), body-centered cubic (BCC), or hexagonal close-packed (HCP) structures [5]. Due to the high diversity of constituent elements, achieved by means of tuning the chemical constituent elements and their proportions, various kinds of HEAs have shown superior mechanical characteristics, such as ductility, fracture toughness, superparamagnetic properties, superconductivity, and exceptional irradiation resistance [15,16,17,18,19]. Hence, HEAs are excellent potential candidates for practical applications such as aero-engines, hard coatings on cutters, and components of fourth-generation nuclear reactors in extreme environments.



As materials with great engineering application and scientific research value, high-entropy alloys have gradually become a popular favorite, especially considering their wide application in various types of equipment and scenarios, such as in the long-distance and high-pressure transmission of oil and natural gas pipelines [20,21], welding processes [22], nuclear power plants [23], and in the humid environment industry [24,25]. Recently, a large amount of research has concentrated on the design principles, structure, and properties of HEAs processed using the PBF method, which combines both the advantages of state-of-the-art manufacturing technology and the inherent superior properties of HEAs, providing a befitting method to produce high-performance HEAs. However, the research on the additive manufacturing of CoCrFeNiMn HEA via PBF is still forthcoming. Compared to the conventional electric melting process, there is quite a difference in the solidification process and microstructure evolution of CoCrFeNiMn HEA powder in the formation process; meanwhile, many basic theoretical bases and technical points are still unclear. In addition, some inherent defects in PBF-printed HEAs still exist, such as inevitable pores, cracks, and nonuniformity that induce some deterioration of mechanical properties, seriously affecting premature failure in engineering applications [26,27]. Most importantly, hydrogen embrittlement susceptibility produced by the formation of microstructural defects such as dislocation, grain boundaries (GBs), twin boundaries (TBs), and interfaces are key factors to the occurrence of sudden brittle fracture [25,28,29,30]. Currently, these aforementioned problems can be handled by certain post-build thermal treatments that are generally performed in a hot isostatic pressing (HIP) facility under high pressure, or via rapid annealing, to restrain segregation and the generation of pores and cracks [31,32]. Therefore, HIP is a prevalent thermomechanical treatment that enables the decrease and elimination of inherent defects in as-printed parts manufactured via PBF technology [33]. This result mainly relies on decreasing the number of cracks initially shuttling within the products. As opposed to HIP, thermal annealing is well-known because it can further optimize nanocrystalline grain size and other such properties of printed HEAs [34]. Recently, anumber of investigations on PBF-printed HEAs have been carried out to achieve high-performance HEAs; for example, the influence of processing parameters and annealing treatments on the microstructure and tensile properties of PBF-printed CoCrFeNiMn were studied to obtain the perfect combination of high strength and high ductility [35]. Li et al., researched the correlation between formation parameters and HIP on microstructure and tensile properties [36], but there has been little research on the hydrogen embrittlement susceptibility of such HEAs. During the service or processing of HEAs in hydrogen-containing environments, hydrogen atoms will be absorbed on the surface and then further diffused and gathered in certain positions within the alloy, generating hydrogen partial pressure, accelerating the movement of dislocation; reducing the cohesion between grain boundaries, resulting in a decline in strength and plasticity; and inducing hydrogen-induced cracking. When massive CoCrFeNiMn HEAs are formed using PBF printing in a hydrogen medium for a long period of time and are subjected to external forces, hydrogen-induced microcracks will occur in the CoCrFeNiMn HEAs and gradually expand, and then brittle fracture will occur, leading to the premature failure of the material. Additionally, HE fracture is usually uncertain and sudden, which often leads to serious failure accidents. At present, there is no unified explanation for the hydrogen embrittlement fracture mechanism of CoCrFeNiMn HEAs made using PBF. However, the study of the HE mechanism is of great significance for the protection against HE and the development of anti-hydrogen embrittlement HEAs.



In view of this issue, this work mainly studies HE sensitivity, the HE fracture mechanism of CoCrFeNiMn HEA 3D-printed parts, and the influence of post-treatment technology (annealing and hot isostatic pressing) on the hydrogen embrittlement behavior of CoCrFeNiMn HEAs formed via PBF printing. To do so, the effect of post-thermal treatment, including HIP and annealing, on microstructure, residual stress, and the hydrogen brittleness resistance of as-built CoCrFeNiMn HEAs formed via PBF is investigated using microscopic characterization analysis and in situ electrochemical hydrogen-charging slow strain rate stretching. In addition, the corresponding deformation and fracture mechanisms are discussed.




2. Experimental Procedure


2.1. Material


This work focuses on vacuum gas-atomized CoCrFeMnNi HEA powders (provided by Jiangsu Willari New Material Technology Co. Ltd., Jiangsu, China), whose sizes are located in the 10–50 μm range, meeting the conditions for PBF and HIP processing as well as for the annealing material. The chemical composition and physical properties of the HEA powders in different conditions are given in Table 1.




2.2. Processing


2.2.1. Powder-Bed Fusion (PBF)


PBF printing with HEA powder was performed using an EP-M250 printer equipped with a continuous ytterbium fiber laser (wavelength: 1060–1090 nm) and an F-θ lens system. Before printing, the powder was vacuum-dried and kept at 90 °C for 2 h to remove moisture to ensure adequate dryness of the powder. We selected 316L stainless steel with a similar chemical composition to CoCrFeNiMn HEA as the formation substrate. In the printing process, the laser scanning strategy adopts a layer rotation of 67° (as shown in Figure 1) so that it can effectively reduce the stress concentrated inside the sample and minimize faults and macroscopic cracks. To avoid the problem of powder oxidation during the formation process, high-purity argon (99.999%) was selected as the protective gas, and the oxygen content was controlled below 100 ppm. By optimizing a series of processes and parameters, bulk energy density was calculated at 100 J/mm3. Under this condition, CoCrFeNiMn HEA with comprehensive mechanical properties such as 13.8% elongation, 587.5 MPa yield strength, and 666.3 MPa tensile strength were printed. Compared with the as-cast and welded CoCrFeNiMn HEA, the tensile strength of the PBF-printed samples showed significant improvement.




2.2.2. Annealing and Hot Isostatic Pressing (HIP)


In this experiment, annealing and HIP were applied to further improve the properties of the printed samples. (1) Annealing process: the printed samples were sintered at 900 °C in an SG-XL1200 high-temperature box furnace for 1 h and then immediately cooled to room temperature. (2) HIP process: the printed samples were placed in an HIP QIH-9 from Quintus Technologies AB (Avure Technologies, Inc., Västerås, Sweden), which was equipped with a molybdenum heating system, heated to 1150 °C within 2 h, and then preserved for 3 h at the high pressure of 150 MPa under a high-purity argon protection atmosphere. The state of the sample after PBF printing is defined as S1. The state after PBF + annealing is defined as S2. The state after PBF + HIP is defined as S3.





2.3. Measurement and Characterization


2.3.1. Basic Physical Details Measurements


The block of CoCrFeNiMn HEA samples printed using PBF were etched in aqua regia solution for 15–30 s after standard metallographic preparation. A Zeiss optical microscope (ZEISS Axio Lab.A1, ZEISS Industrial Metrology, Germany) was used to observe the microstructure of different surfaces. The tensile properties of the specimens were tested at room temperature (293 K) and at liquid nitrogen low temperature (77 K) at a tensile rate of 1 mm/min on a slow strain rate tensile testing machine (Liangong Testing, Jinan, China). Residual stress of the as-built HEAs was measured using an XRD (X-350A, Dandong HaoyuanChina) (sin2ω method). The X-ray beam diameter was approximately 2 mm. The X-ray source was Cr-Kα X-ray, and the diffraction plane was (111). In the stress calculation, Poisson’s ratio was set to 0.5. The speed for ladder scanning was 0.05 deg s−1, and the time constant was 1 s. The tube voltage and current were 20 kV and 5 mA, respectively. The scanning angle of 2 h was in the range of 76 to 84°. Residual stress determination using the XRD method indicated average stresses in the volume of HEAs defined by the irradiated area. The penetration depth of the Cr-Kα X-ray beam was about 5.5. The heeling angle was set to be close to zero degrees. The hardness distribution was determined using the Vickers hardness tester (model: DHV-1000ZTEST, Shidai ShanFeng, Beijing, China), and the test parameter was set at 1 kgf (loading) and maintained for 15 s. Ten different areas on the surface of the sample were randomly selected for testing. The maximum and minimum values were removed, and the average hardness value of the remaining 8 locations was calculated as the final Vickers hardness value (HV).




2.3.2. In Situ Electrochemical Hydrogen-Charging Slow Strain Rate Tensile Test


During the loading process of the sample subjected to tensile force, the DC power supply was synchronously turned on to apply cathode potential until the sample fractured, and the state of hydrogen-charging was maintained through the entire process of tensile force. Meanwhile, during this process, the strain rate was set as 10−5 s−1, an electric current density of 15 mA/cm2 was selected, and the hydrogen filling solution ratio was 0.5 mol/L H2SO4 + 2 g/L CH4N2S.






3. Results and Discussion


Figure 2 shows the macroscopic surface morphology of the tensile-fracture side of the PBF-printed CoCrFeNiMn HEA without hydrogen-charging (in air) and in a hydrogen-charging solution. The lateral surface of the sample without hydrogen-charging shows obvious necking of the alloy (Figure 2(a1)), and the shear lip feature was also observed, indicating that the fracture mechanism includes a ductile fracture [37]. In contrast, no obvious deformation or necking phenomena were observed in the sample after hydrogen-charging (Figure 2(b1)), but multiple cracks expanded at the same time, indicating that brittle fracture occurred. As shown in Figure 2(c1), many secondary cracks perpendicular to the direction of tensile stress were generated in the sample, and many crack branches appeared during propagation.



The surface morphology of the tensile-fracture side of the sample annealed at 900 °C is shown in Figure 2(b1–b3). The edge of the sample without hydrogen-charging shows an obvious necking phenomenon, which is more obvious than that of the PBF-printed sample, indicating an improvement in plasticity. In addition, the fracture front presents a 45° shear fracture, indicating a plastic fracture. In a state of dynamic electrochemical hydrogen-charging, many secondary cracks appear on the surface of the fracture side, which shows a “Z” shape expansion; simultaneously, small crack branches are generated. There is no obvious shrinkage at the edge of the side surface under the condition of hydrogen-charging, indicating that the fracture mode of the annealed sample under the condition of hydrogen-charging is one of brittle fracture.



The surface morphology of the sample on the fracture side in air and in a hydrogen-filled solution after HIP is shown in Figure 2(c1–c3). The necking phenomenon is observed on the surface of the fractured side without hydrogen-charging, and the characteristic of a 45° shear fracture is also observed. Compared with the PBF-printed and annealed samples, the necking degree of the fractured side surface is more significant in air, and the quantity of micropores and microcracks also decreases, showing the highest plasticity of samples in these three states. Meanwhile, in the electrochemical hydrogen-charging environment, the surface of the fracture side shows that the fracture front is relatively flat, and the necking phenomenon of both side edges is not obvious, indicating a brittle fracture mode. In addition, the number of secondary cracks on the surface of the fracture side obviously decreases after HIP treatment.



The secondary surface cracks are caused by the fact that the alloy acts as a cathode, and the hydrogen atom activity on the surface is relatively high during the process of electrochemical hydrogen-charging, which damages the surface of the PBF-printed CoCrFeNiMn HEA and causes surface cracks under the function of tensile stress [38]. The number of surface cracks decreases after HIP, which indicates that the sample is less damaged caused by hydrogen and that its hydrogen brittleness resistance is enhanced after HIP.



The tensile-fracture morphology of PBF-printed CoCrFeNiMn HEA in a hydrogen-filled solution was analyzed and observed via scanning electron microscopy, as shown in Figure 3(a1). Compared with the fracture morphology in air, we found that the fracture characteristics of the PBF-printed sample under a hydrogen-charging condition mainly constituted brittle fracture. There were many cross-tearing edges, stepped morphology, and cleavage planes on the fracture surface (Figure 3(a2)), which are typical brittle fracture modes. At high magnification, dimples were observed (Figure 3(a3)), which occupied a small area, indicating the presence of ductile fracture.



The sample in the S2 state still shows obvious brittle fracture in the hydrogen-charging environment, with cleavage planes and river patterns as fracture features (Figure 3(b2)). In addition, the dimple area is larger than that of the PBF-printed sample, and the high-magnification image shows that the dimple size is larger and deeper, indicating that the plasticity has been improved, which is consistent with the results of the tensile stress–strain curve in the hydrogen-charged environment.



After HIP at 115 °C, the fracture of the sample shows obvious partitions, including a brittle zone and a plastic zone (Figure 3(c1)). The characteristics of brittle fracture appear at the edge of the fracture, which may be caused by the high concentration of hydrogen on the alloy surface due to dynamic electrochemical hydrogen-charging and the inherent defects on the sample surface, which result in the existence of a high stress intensity factor on the sample surface [38]. Stepped features, river patterns, and cleavage planes still exist on the fracture surface (Figure 3(c2)), indicating that it is brittle fracture. However, the plastic zone area increased, and there are evenly distributed dimples presenting large and deep characteristics (Figure 3(c3)). Accordingly, its plasticity has been further improved. In general, larger and deeper dimple distribution indicates better ductility [39].



The above cracks relate to the measured residual stresses shown in Figure 4, in which the residual stresses were 338 ± 4 MPa, 105 ± 4 MPa, and 44 ± 4 MPa for the samples in the S1, S2, and S3 states, respectively. The residual stress for all samples was tensile stress, resulting in the observable surface crack in Figure 2. It can be calculated that residual stress decreased 68.9% and 86.9% from the S1 to the S2 and S3 states, respectively. The cracks produced by residual stress were mainly crystal cracks, which resulted from hot cracks because the liquid film formed by a low eutectic melting point (residual liquid) weakened the bond between the grains and generated a crack under the function of residual stress [40]. Consequently, the greater the tensile stress was, the greater the generated crack widths became.



Figure 5 shows the distribution of the hardness values of PBF-printed CoCrFeNiMn HEA in the three states. Annealing and HIP have important effects on hardness, which shows a decreasing trend correlating with temperature increases. Specifically, the hardness value of the SLM printed sample was 211.2 ± 2 HV and 197.6 ± 2 HV for the annealed sample and 194.1 ± 2 HV for the HIP sample. This general behavior can be attributed to microstructural changes, especially the coarsening and coalescence of metal particles caused by temperature increases. These changes can be seen to relate to the effect of high temperature and annealing effects activating coarsening and coalescing mechanisms.



Figure 6 shows the slow strain rate tensile results of the samples in three different states without hydrogen-charging (in air) and under hydrogen-charging conditions. The HE sensitivity index of the samples in three different states after hydrogen-charging was calculated according to Formulas (2) and (3), and their strength and plastic loss rate were obtained (Figure 6b). As can be seen from the engineering stress–strain curve (Figure 6a), it is obvious that the presence of a hydrogen atom has a negative effect on the strength and plasticity of the alloy, and the hydrogen brittleness resistance of the sample after annealing and HIP can be significantly improved. The slope of the engineering stress–strain curve in an elastic stage is almost the same in air and in a hydrogen environment, indicating that hydrogen filling does not affect the elastic deformation stage of materials.



The sensitivity of HE was evaluated using plastic loss rate (δHE) and strength loss rate (UTSHE). The higher the loss rate, the higher the sensitivity of HE [41]. The calculation formula of loss rate is as follows:


   δ  H E    ( % ) =     δ 0  -  δ H     δ 0    × 100 %  



(1)




where δ0 and δH represent the growth rate of the interrupted sample in air and in a hydrogen-charging environment, respectively.


  U T  S  H E   ( % ) =   U T  S 0  − U T  S H    U T  S 0    × 100 %  



(2)




where UTSHE, UTS0, and UTSH denote strength loss rate, the tensile strength of the sample in air, and that in a hydrogen-charging environment, respectively.



Under the conditions of a hydrogen-charging solution (0.5 mol/L H2SO4 + 2 g/L CH4N2S) and current density of 15 mA/cm2, the strength loss rate of samples in a printed state is 12.3%, and the plastic loss rate is 80%. After annealing, the strength loss rate is 20.2%, and the plastic loss rate is 74.12%. After HIP, the strength loss rate is 18.2%, and the plastic loss rate is 61.4%. The results show that the introduction of a hydrogen atom has a negative effect on tensile strength and elongation after fracture. In addition, samples in both the S1 and S2 states show high HE sensitivity and suffer serious hydrogen damage. However, the plastic loss rate of PBF-printed samples after HIP treatment is significantly improved (23.2%). This indicates the lower HE sensitivity and higher HE resistance of PBF-printed parts after HIP treatment. In air (without hydrogen-charging), the tensile strength of the printed PBF samples in the three states remains at about 600 MPa. However, the elongation after fracture is significantly increased to 13% in the S1 state, to 22.8% (a 75.4% improvement) in the S2 state, and to 24.1% (an 85.4% improvement) in the HIP state. With the increase in temperature and the intervention of pressure, the hydrogen brittleness resistance of PBF-printed samples can be significantly improved, which may be due to the change in microstructure and the reduction of pores and gaps [36].



Based on the above results and analysis, the conclusion can be drawn that two hydrogen-induced cracking mechanisms, including adsorption-induced dislocation emission (AIDE) and hydrogen-enhanced local ductility (HELD), cooperate in this work. According to the former mechanism, hydrogen atoms will be adsorbed on the metal surface due to the high hydrogen concentration on the outer surface of the alloy, resulting in the initiation of hydrogen-induced cracks, while the latter mechanism shows that the local rich assembly of hydrogen atoms in metal accelerates dislocation motion and plastic deformation, resulting in the local plastic deformation of fracture characteristics and macroscopic brittle fracture [38]. In the in situ electrochemical hydrogen-charging slow strain rate tensile test, there is a high hydrogen concentration on the surface of the alloy, and the electrochemical hydrogen-charging time is longer. In addition, hydrogen atoms have a high solubility rate in the CoCrFeNiMn HEA [42], so more hydrogen atoms can be dissolved inside the sample. Based on this, this paper can assume the synergistic effect of the two mechanisms.



In the process of in situ electrochemical hydrogen-charging, most hydrogen atoms accumulate on the subsurface of the sample [43]. For the CoCrFeNiMn HEA formed using PBF printing, the inherent characteristics (extremely fast heating and cooling rates) lead to the introduction of an extremely high dislocation density, which has the function of transporting hydrogen atoms and becomes a channel for hydrogen enrichment and rapid diffusion during the stretching process [44]. At the same time, a high dislocation density and a corresponding high local residual strain further increases the concentration of hydrogen atoms at the grain boundary. Defects such as grain boundaries, dislocation, and associated strain field, as well as micro-holes inevitably generated using SLM printing, are typical hydrogen diffusion trap locations that have a poor bonding force with hydrogen atoms [45], resulting in the alloy having high HE sensitivity. With the loading of tensile stress, the sample is in a plane strain state, and the diffusion and enrichment of hydrogen atoms in the hydrogen trap are strengthened. When the local hydrogen concentration and stress are high enough, hydrogen embrittlement cracks will begin to initiate and grow t. On the other hand, hydrogen atoms easily accumulate at the crack tip, and solid dissolved hydrogen atoms in the matrix can aggravate dislocation motion. Therefore, local plastic deformation occurs easily near the crack tip, resulting in the generation of micropores or holes. The aggregation and merging of these micropores will further grow and expand the crack and eventually lead to the fracture of the sample.



For the samples annealed at 900 °C, the local residual strain is released, the dislocation density is reduced, and the number of hydrogen traps is reduced, resulting in the annealed sample retaining a lower sensitivity to hydrogen embrittlement. For the samples after hot isostatic pressing at 1150 °C, the further increase in annealing temperature and the interaction of high-pressure gas make the local residual strain release more complete, and the dislocation density decreases substantially. Meanwhile, the density of the samples (such as the closure of micropores and microcracks) is also improved, thus reducing the number of hydrogen traps. This can effectively prevent the infiltration of hydrogen so that the hydrogen diffusion channel is eliminated as much as possible and the hydrogen embrittlement sensitivity is lowest. Accordingly, the samples treated using hot isostatic pressing showed the best hydrogen embrittlement fracture resistance.




4. Conclusions


In this paper, the effects of post-treatment processes, including annealing and HIP, on the microstructure, residual stress, mechanical properties, and resistance to hydrogen embrittlement behavior of PBF-printed CoCrFeNiMn HEAs were studied. The post-treatment results demonstrated a decrease in dislocation density due to the release of residual stress (338 MPa, 105 MPa, and 44 MPa in three states), which is the key to the decrease in hardness (211.2 HV of printed samples, 197.6 HV of annealed samples, and 194.1 HV of HIP samples). Finally, research on room- and low-temperature hydrogen embrittlement characteristics showed that after post-treatment (annealing and HIP), resistance to hydrogen embrittlement is improved. These excellent behaviors could provide some useful solutions for enhanced mechanical properties and the anti-hydrogen embrittlement ability of PBF-printed HEAs and other similar products.
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Figure 1. PBF forming diagram and path planning. 
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Figure 2. Macro morphology of the tensile-fracture side surface of CoCrFeNiMn HEA samples in three different states: (a1–a3) S1 state; (b1–b3) S2 state; (c1–c3) S3 state, and (a1,b1,c1) without hydrogen (in air); (a2,b2,c2) in hydrogen-filled solution; (a3,b3,c3) secondary cracks and branches (local enlarged view). 
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Figure 3. Tensile-fracture morphology of CoCrFeNiMn HEA samples in three different states in a hydrogen-filled solution: (a1–a3) S1 state; (b1–b3) S2 state; (c1–c3) S3 state. 
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Figure 4. The distribution of residual stress values of SLM printed CoCrFeNiMn HEA in three states. 
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Figure 5. Hardness of CoCrFeNiMn HEA samples in three different states. 
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Figure 6. Dynamic electrochemical hydrogen-charging slow strain rate tensile results of CoCrFeNiMn HEA: (a) typical engineering stress–strain curve; (b) strength and plastic loss rate; (c) tensile strength; (d) elongation. 
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Table 1. Chemical composition and physical properties of five different elements of CoCrFeMnNi HEA powders.
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	Elements
	Crystal Structure
	Atomic Radius (nm)
	Melting Point (°C)
	Chemical Composition (wt%)





	Co
	HCP
	0.130
	1495
	20.25



	Cr
	BCC
	0.125
	1860
	19.12



	Fe
	BCC
	0.125
	1540
	20.21



	Mn
	FCC
	0.130
	1250
	19.77



	Ni
	FCC
	0.130
	1450
	20.65
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