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Abstract

:

Gas nitriding, as a surface modification technology to improve the wear resistance of workpiece surfaces, is widely used in wind turbine gears, pressure vessel gears, high-precision die casting abrasives, and other areas. However, the gas nitriding time is too long, reaching 40–60 h, which reduces the efficiency of nitriding and hinders the development of gas nitriding. Therefore, various accelerating methods are born accordingly. This review first introduces the basic principle, microstructure, and process parameters of conventional gas nitriding. Then, five common accelerating methods are summarized: process parameter optimization, surface mechanical nano-crystallization, surface-active catalysis, surface pre-oxidation, and surface laser treatment. Then, the effect of acceleration methods on gas nitriding is analyzed for the acceleration mechanism, nitriding behavior, and nitriding efficiency. Finally, the technical economy of the acceleration methods is compared for three aspects: energy consumption, carbon dioxide emission, and cost. And, the technical maturity of the acceleration methods is compared according to technology readiness level (TRL) technology. Based on the above content, the advantages and disadvantages of the five accelerating methods are reviewed, and the concept of a multi-technology collaborative processing acceleration method is proposed.
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1. Introduction


Mendoza et al. showed that as the demand for renewable energy continues to grow worldwide, wind power technology has become an important part of it [1,2,3]. In the wind power industry, wind turbines are the core equipment of wind power generation systems, and their performance has a crucial impact on the efficiency and reliability of the entire system. However, due to the long-term impact of the environment and the pressure of the operating load, wind turbines often face various engineering failure problems, such as mechanical fatigue, corrosion, etc. [4,5]. In order to solve these problems, engineers have been constantly exploring new technologies and methods. There are many ways to harden the surface of steel. Usually, different methods can be selected according to the required hardness, depth, and process, such as carburizing, nitriding, quenching, laser hardening, and chemical heat treatment. Carburizing is usually carried out by exposing carbon-containing substances (such as solid carbon powder or gas) to the surface of the steel at high temperatures, thereby forming a carbon-rich hardened layer on the surface. Carburizing can provide higher surface hardness and wear resistance. However, it requires a long processing cycle. It may lead to uneven distribution of surface carbon. And, high-temperature treatment (850–950 °C) may lead to deformation and metamorphism. Quenching is an important metal treatment process, which can be used to change the properties of metals and improve their hardness and strength. Quenching has fast heating and cooling rates and is suitable for local hardening, but only for conductive materials. Laser hardening is a heat treatment process that uses a laser beam to locally heat the metal surface to increase the hardness and wear resistance of the metal. Laser hardening has the advantages of high heating accuracy, controllable depth, and no deformation. However, the equipment cost is high, requires highly trained operators, and is only suitable for local hardening. In contrast, gas nitriding is usually carried out at a lower temperature (500–580 °C), which does not change the chemical composition of the steel, and can be applied to the integrated nitriding of large or ultra-large workpieces [6]. As one of these technologies, gas nitriding can form an extremely hard nitrided layer on the surface of wind turbines to improve hardness and corrosion resistance [7,8]. In addition, gas nitriding technology can also improve the surface quality of wind turbine blades, reduce air resistance, and further improve its power generation efficiency [9,10,11]. In addition to wind turbines, gas nitriding technology is also widely used in other equipment in the wind power industry. For example, gas nitriding technology can improve the hardness and corrosion resistance of towers in wind farms and prolong their service life [12,13]. Due to the advantages of environmental protection and low cost, gas nitriding technology has been more and more widely used and promoted in the wind power industry [14,15,16].



Gas nitriding is a chemical heat treatment process which makes nitrogen atoms penetrate into the surface of the workpiece at a certain temperature and in a certain medium [17,18]. It generally includes three processes [19,20,21]: generation of active nitrogen atoms, surface absorption, and diffusion of nitrogen atoms. The surface of the workpiece after nitriding treatment usually has the characteristics of high hardness [22], good wear resistance [23], high fatigue strength [24], and excellent corrosion resistance [17]. However, the traditional nitriding temperature is high and the nitriding time is long, which not only wastes energy and increases the manufacturing cost of the workpiece but also causes some performance reduction in the workpiece. For example, if the nitriding temperature of stainless steel is too high, it will cause a lack of chromium in the substrate and the degradation of corrosion resistance [25,26,27,28]. For aluminum alloy workpieces, if the nitriding temperature is too high, the matrix structure will change significantly, which will lead to poor inherent properties [29,30]. In the nitriding process, the temperature affects the nitriding speed, the decomposition efficiency of the nitriding medium, and the structure of the nitrided layer [31,32]. CrMo steel is usually used to manufacture parts with high strength and high-temperature operation, such as boilers, pressure vessels, steam turbine components, etc. Gas nitriding can improve the hardness and wear resistance of CrMo steel, making it more suitable for use in high-stress and high-temperature environments. It can also improve the corrosion resistance and prolong the life of the parts. Nickel-based alloys are widely used in high-temperature and corrosive environments, such as the aerospace, petrochemical, and energy industries. Gas nitriding can improve the surface hardness and wear resistance of nickel-based alloys and improve their performance in high-temperature and corrosive environments. This helps to extend the service life of alloy parts. Cobalt-based alloys are commonly used in the manufacture of high-temperature, high-strength, and corrosion-resistant parts, such as aero-engine parts and chemical equipment. Gas nitriding can increase the hardness and wear resistance of cobalt-based alloys and improve their stability in high-temperature and corrosive environments. This is very important for extending the life of alloy parts. Cemented carbides are commonly used for cutting, drilling, grinding, and other cutting tools as well as wear-resistant parts, such as mechanical seals and bearings. Gas nitriding can increase the surface hardness and wear resistance of cemented carbide tools, thereby prolonging their service life. This can improve the performance of cutting tools and reduce downtime. The application of gas nitriding on different materials has a common goal, that is, to improve the hardness, wear resistance, and corrosion resistance of the material so as to increase the life and performance of the parts. However, the specific effects may vary depending on the type of material and the environment in which it is used. Therefore, when choosing gas nitriding as a surface treatment method, it is necessary to adjust the nitriding parameters and processes according to the specific application requirements. In this review, in order to facilitate the technical and economic analysis, the CrMo steel used in wind turbine is selected as the target, and the effect and application of gas nitriding are described. How to carry out nitriding at low temperature has become a hot spot of international research.



The traditional method of gas nitriding has problems such as slow diffusion rate, high energy consumption, and uneven thickness of the infiltrated layer, which limits its application in industrial production [33,34]. The implementation of the “carbon peak, carbon neutral” strategy provides a strong driving force for the popularization and the application of nitriding wear-resistant and corrosion-resistant green surface treatment technology [35]. Improving the diffusion rate of gas nitriding is not only conducive to reducing energy consumption and achieving the goal of “carbon peak and carbon neutrality” but also can reduce production costs and expand the application field of nitriding technology. More and more scholars and researchers are conducting research on the new process of accelerating nitriding. Accelerating nitriding is a nitriding method that uses the accelerating method to promote the diffusion of nitrogen atoms on the metal surface, which can significantly increase the diffusion rate of nitrogen atoms and reduce nitriding time and energy consumption. It can also achieve uniform layer thickness and reduce residual stress at the same time [36]. Figure 1 shows the application of accelerating nitriding in the field of wind power. Among these processes, process parameter optimization [18,37,38], surface mechanical nano-crystallization [39,40,41], surface active catalysis [42,43,44], surface pre-oxidation [45,46,47], and surface laser treatment [48,49,50] are relatively common accelerating nitriding methods. The development of accelerating nitriding methods is also expected to expand its application in other fields. For example, nitriding technology has important application value in new energy materials [51,52], nano-materials [53,54], biomedicine [55,56], and other fields. Therefore, strengthening the research and development of accelerating nitriding methods will help to promote its application and promotion in industrial production and other fields.



Based on the above content, this review analyzes the accelerating nitriding mechanism of process parameter optimization, surface mechanical nano-crystallization, surface active catalysis, surface pre-oxidation, and surface laser treatment. In addition, this review summarizes its effect on nitriding behavior and further analyzes the economic and environmental benefits and the technology readiness level of different accelerating nitriding methods. This review also predicts and surveys the application of gas nitriding in the wind power industry and the development trend of accelerating nitriding methods in the next 10 years. Overall, this review will play an important role in informing researchers, scholars, and policy makers and pave the way for future research studies and decision-making.




2. Research Progress of Conventional Gas Nitriding


2.1. Mechanism of Gas Nitriding


Gas nitriding is a surface strengthening technology that makes the nitriding atmosphere penetrate to the surface of metal or alloy material and diffuse to a certain depth under the conditions of high temperature and high pressure [48,57]. During gas nitriding, nitrogen atoms chemically react with metal surface atoms to form a nitrided layer that is hard, wear resistant, corrosion resistant, and metal fatigue resistant. Gas nitriding generally uses NH3, NH3 + N2, or NH3 + H2 as the gas medium [58]. Figure 2 shows the gas nitriding interface reaction process [20]. The whole nitriding process is divided into three stages: decomposition of NH3, adsorption of active N atoms ([N]), and diffusion of active N atoms ([N]) [19]. The ammonia gas entering the nitriding furnace cavity is divided into two parts: one part is directly thermally decomposed ammonia gas (    NH  3 D   ), and the other part is undecomposed residual ammonia gas flowing through the surface of the workpiece in the form of NH3 molecules (    NH  3 R   ). Gas nitriding mainly depends on the interface reaction between the ammonia gas (    NH  3 R   ) flowing through the surface of the workpiece [59]. It can be seen from Figure 2 that the effective infiltration of N atoms depends on the adsorption, decomposition, and absorption process of ammonia on the workpiece surface. The active N atoms generated by the thermal decomposition of     NH  3 R    participate in the nitriding reaction and diffuse into the substrate to form a nitrided layer and promote it to grow thicker [21,60,61]. Therefore, according to Figure 2, the basic mechanism of gas nitriding is analyzed from the physicochemical reaction, adsorption, and diffusion of active N atoms ([N]).



(1) Physicochemical reaction [58].



There are many physicochemical reactions in the gas nitriding process, mainly including the chemical reaction of the nitriding medium, the adsorption of active N atoms on the surface of the workpiece, and the diffusion into the substrate. The ammonia gas decomposition reaction on the surface of workpiece during nitriding process is as follows:


    NH  3 R  ⇌  N  +  3 2   H 2   



(1)






  Fe + N  H 3 R  → F e  N  +  3 2   H 2   



(2)







(2) Adsorption and diffusion of active N atoms ([N]) [58].



During the nitriding process, active N atoms are adsorbed on the surface of the workpiece to form Fe[N] solid solution [19]. From the perspective of thermodynamic equilibrium [62,63], due to the concentration difference in nitrogen between the surface and the metal substrate, N atoms will diffuse directionally into the grains inside the substrate. Due to the change in factors such as nitriding temperature and time, the diffusion of active N atoms is accompanied by phase transformation during the nitriding process, mainly including diffusion [64], phase transformation diffusion [65,66], and reaction diffusion [62,67].




2.2. Nitrided Layer Structure of Gas Nitriding


Gas nitriding forms a surface layer with a high nitrogen concentration on the surface of metal by exposing metal samples to reactive gases such as nitrogen. This surface layer is called the nitrided layer [68].



The nitrided layer usually consists of two regions: the case-hardened layer and the hardened layer. The case-hardened layer is usually located on the surface of the nitrided layer and consists of a solid solution with a high nitrogen concentration. The hardened layer is located below the case-hardened layer and consists of solid solutions and nitrides with a relatively low nitrogen concentration. The hardened layer has higher toughness and strength, while the case-hardened layer has higher hardness [69].



During the nitriding process, the interaction of Fe and N can be analyzed through the phase diagram of the Fe-N binary alloy (as shown in Figure 3) [70]. The phase diagram includes two interstitial solid solutions, α and γ, and three interstitial phases, γ′, ε, and ζ. There are two eutectoid transitions in the phase diagram: at 592 °C and 2.4 wt.% N, the γ → α + γ′ eutectoid transition occurs; at 650 °C and 4.5 wt.%, ε → γ + γ′ eutectoid transformation occurs. The phase diagram of the Fe-N binary alloy shows that the mutual solubility of Fe and N is extremely low, and the solid solution can only be formed under high-temperature and high-pressure conditions. At room temperature, the nitrided layer is mainly composed of two phases: a nitride phase and a retained austenite phase. The nitride phase mainly includes Fe4N, Fe3N, and Fe2N [71]. Among them, Fe4N has the best thermal stability and is most commonly used in the nitriding process [64]. The retained austenite phase is mainly unnitrided austenite structure. The crystal structure of each phase is analyzed separately as follows:



The α phase belongs to the retained austenite phase of the nitrided layer. It is an interstitial solid solution of N in α-Fe, also known as nitrogen-containing ferrite. The lattice structure is a body-centered cubic structure and N atoms are located in the octahedral gap in the α-Fe lattice.



The γ phase belongs to the nitride phase in the nitrided layer. It is an interstitial solid solution of N in γ-Fe, also known as nitrogen-containing austenite. The lattice structure is a face-centered cubic structure, and N atoms are randomly distributed in the octahedral gaps in the γ-Fe lattice. The γ phase undergoes eutectoid reaction at 592 °C. Eutectoid decomposition occurs during slow cooling. γ → α + γ′ eutectoid decomposition occurs during slow cooling. During rapid cooling, γ → α′ transformation occurs, and the γ′ phase transforms into nitrogen-containing martensite (α′ phase) or exists in the state of retained austenite.



The γ′ phase, an interstitial phase with a nitrogen content between 5.7 wt.% and 6.1 wt.% and a variable composition, is represented by γ′-Fe4N. γ′-Fe4N has a stable structure, and N atoms orderly occupy the interstitial positions of the face-centered cubic lattice composed of Fe atoms. When the temperature is above 680 °C, it will decompose and transform into ε-Fe2-3N.



The ε phase belongs to the nitride phase in the nitrided layer. It is a solid solution based on Fe3N, represented by ε-Fe2-3N. In the compound, N atoms orderly occupy the gaps of the close-packed hexagonal lattice composed of Fe atoms. The ε phase is a ferromagnetic phase, and the eutectoid decomposition of ε → γ + γ′ occurs at 650 °C.



The ζ phase belongs to the nitride phase in the nitrided layer. It is a kind of interstitial solid solution based on Fe2N compound with an orthogonal rhombic lattice and nitrogen content between 11.07–11.18 wt.% and is brittle. The ζ phase transforms into the ε-Fe2-3N phase above 520 °C.




2.3. Process Parameters of Gas Nitriding


The process parameters that affect the efficiency of gas nitriding are mainly nitriding temperature, nitriding time, atmosphere pressure, and NH3 flow rate. These parameters complement each other in the nitriding process.



(1) Nitriding temperature is an important parameter in the gas nitriding process, which will have a significant impact on the formation and the performance of the nitrided layer. Usually, the nitriding temperature is between 450 and 580 °C. If the temperature is too high, it will lead to excessive nitride formation, which will make the nitrided layer brittle. However, for stainless steel, although increasing the nitriding temperature can increase the thickness of the nitrided layer, it will also cause thermal decomposition of the γN-Fe phase and reduce the corrosion resistance of stainless steel, which is not advisable [72,73]. Studies have shown that the nitriding rate increases with the increasing temperature within a certain range. However, the depth of the nitrided layer shows a trend of increasing first and then decreasing, and there is an optimal temperature range. This is due to the fact that the growth of the nitrided layer is limited by solid-phase diffusion and liquid-phase diffusion [74]. For example, Chen et al. [75] state that during nitriding, the optimum temperature is 560–580 °C. Beyond this range, both the depth and hardness of the nitrided layer will decrease. The nitriding temperature also affects the structure and the performance of the nitrided layer. A higher temperature is conducive to the formation of a dense nitrided layer, improving its hardness and wear resistance, but too high a temperature will also lead to the coarsening of the grains of the nitrided layer and the formation of cracks [76]. In addition, the nitriding temperature will also affect the chemical reaction and the affinity between the nitrided layer and the substrate, thereby affecting its bonding strength and corrosion resistance [77]. For example, Xiang et al. [78] found that nitriding at low temperatures resulted in a denser nitrided layer, improving its corrosion resistance and fatigue life.



(2) Nitriding time: Exposure time of metal samples in nitriding atmosphere. Typically, the nitriding time is between 2 and 48 h, depending on the type of material, size, and desired nitriding depth. Generally speaking, a longer nitriding time is conducive to the formation of a dense nitrided layer, which improves its hardness and wear resistance. However, too long a nitriding time will also lead to grain coarsening and surface roughness of the nitrided layer [79,80].



The relationship between the thickness of the nitrided layer and the diffusion time is shown in formula (3) [72]. Assuming that the diffusion coefficient remains consistent, the thickness of the nitrided layer of the nitriding workpiece increases with the increase in the diffusion time.


  X ∞   D t    



(3)




where X is the thickness of the nitrided layer (m), D is the diffusion coefficient (m2/s), and t is the diffusion time (s). But for stainless steel, too long a nitriding time will also cause thermal decomposition of the γN-Fe phase and reduce the corrosion resistance of stainless steel, so this is not advisable [73].



(3) Atmospheric pressure is also one of the important parameters affecting nitriding. Usually, the pressure during nitriding is between 0.1 and 2.0 MPa. As the atmosphere pressure increases, the nitriding rate and penetration depth gradually increase [81]. Wang et al. [20] pointed out that during nitriding, the atmospheric pressure increased from 0.1 MPa to 0.5 MPa, and the penetration depth increased from 0.21 mm to 1.1 mm. A higher atmospheric pressure can increase the penetration depth and the nitriding rate, which is conducive to the formation of a dense nitrided layer and improves its hardness and wear resistance.



(4) Nitrogen flow: When gas nitriding, the flow rate of nitrogen is also an important parameter, it is usually between 5 L/min and 50 L/min [82]. Michalski et al. [83] pointed out that an increase in nitrogen flow can significantly increase the nitriding rate and the depth of the nitrided layer. In this study, gas nitriding treatment was performed on magnesium alloy by changing the nitrogen flow rate, and the results showed that when the nitrogen flow rate increased from 10 L/min to 30 L/min, the nitriding rate increased from 0.47 μm/h to 1.47 μm/h, and the depth of the nitrided layer increased from 16.2 μm to 51.6 μm. However, when the nitrogen flow rate is too high, it will cause excessive accumulation of nitrogen atoms in the nitrided layer, forming pores and cracks, thereby reducing the quality of the nitrided layer [84]. Excessive nitrogen flow will also increase the consumption of nitrogen, thereby increasing the cost of nitriding. Therefore, in actual production, it is necessary to adjust the nitrogen flow rate to find the best nitriding process parameters to obtain a high-quality nitrided layer.



(5) Nitriding media [85]: there are many types of nitriding media, and the common ones are as follows:



Ammonia: Ammonia is one of the most commonly used nitriding media in gas nitriding. It can realize high-speed nitriding at a lower temperature and form a uniform nitrided layer. Ammonia can also control the depth and the hardness of the nitrided layer by adjusting the temperature and ammonia flow. However, ammonia gas is toxic and flammable and requires special safety measures during nitriding.



Nitrogen: Nitrogen is an inert gas that can be used as a nitriding medium for nitriding. The rate of nitrogen nitriding is slow, requiring higher temperature and longer time to achieve a certain depth of nitrided layer. However, nitrogen has the advantages of stability and safety and will not have adverse effects on the human body and the environment.



Mixed composition: Mixed gas refers to the nitriding medium that mixes different gases, such as ammonia and nitrogen, in a certain proportion. The mixed gas can combine the advantages of ammonia and nitrogen, can realize high-speed nitriding at lower temperature and time, and can control the depth and the hardness of the nitrided layer. However, the cost of mixed gas is relatively high.



In addition to the above common nitriding media, there are other nitriding media, such as argon, hydrogen, etc. Selecting a suitable nitriding medium needs to consider specific application scenarios and requirements, such as nitriding rate, nitriding depth, cost, and other factors.





3. Effect of Accelerating Nitriding Methods on the Behavior and Efficiency of Gas Nitriding


3.1. Process Parameter Optimization


3.1.1. Accelerating Nitriding Mechanism of Optimizing Process Parameters


Nitriding workpieces are required to have a hard and tough nitrided layer under actual service conditions, which mainly depends on the structure of the nitrided layer (γ′ phase and ε phase). The porous ε phase is the main cause of embrittlement and spalling of the nitrided layer. Therefore, controlling the composition of the white layer of the nitrided layer or making the white layer disappear is the focus of research [81,86].



Some scholars put forward the concept of controllable nitriding, which was called computer-controlled gas nitriding [87]. Based on Lehrer’s point of view (Figure 4a), using the relationship between the limit nitrogen potential and temperature (Equation (6)) [34,88], a computer-controlled, fully industrially automated gas nitriding control system has been designed and applied successfully. Its commercial registration name is NITREG [89]. Michalski et al. [88] used controllable gas nitriding (NITREG®) to obtain a nitrided layer containing only γ′-Fe4N-phase nitrides on the surface of carbon steel. Subsequently, the team used this method to prepare dense compound layers and nitrided layers without compound layers on the surface of 40HM and 38HMJ steels. Among them, the nitrided layers of 40HM and 38HMJ steels without compound layers showed the highest hardness values, respectively >700 HV0.5 and 1100 HV0.5 [37].



After controlled gas nitriding treatment of 42CrMosteel, Panfil et al. [90] used laser heat treatment to modify the compound layer instead of remelting and found that the porosity of the porous and brittle compound layer can be reduced, and the indentation modulus (165.72 ± 18.67 GPa) and hardness (9.90 ± 0.47 GPa) of the ε-Fe2-3N area can be improved.


   K N    γ ′  / ε  =   exp       60536  T  − 56.85     0.5   − 9.63   ×     1.013 ×   10  5      0.5    



(4)




where    K N   γ ′  / ε   is the limiting nitrogen potential (atm−1/2), and T is the nitriding temperature (K).



The nitrogen potential (KN) is one of the factors to be considered in the study of the growth kinetics of the nitrided layer, which can be calculated by the following formula [21]:


   K N  =    P  N  H 3           P   H 2        1.5      



(5)




where    P  N  H 3      is the partial pressure of ammonia in the atmosphere, and    P   H 2      is the partial pressure of hydrogen in the atmosphere. The nitriding pressure affects the interface reaction rate, the surface nitrogen potential, and the growth of the nitrided layer. NH3 flow affects the ammonia decomposition rate and is also an important means to change the nitrogen potential on the workpiece surface. The relationship expression between nitrogen potential and ammonia decomposition rate (ω) is as follows [82]:


   K N  =   1 − ω       0.75 ω     1.5      



(6)







Figure 4b shows the relationship between the nitrogen production rate of ammonia decomposition and the ammonia content in the furnace atmosphere and the ammonia gas flow into the furnace [91].



In the first stage, the flow rate of ammonia gas is very small. The rate of nitrogen production is proportional to the flow rate of ammonia gas entering the furnace, and the atmosphere out of the furnace only contains the decomposition products of ammonia. With the further increase in the ammonia gas flow rate to point 1, the contact time between the ammonia molecules and the workpiece surface is so short that some of the ammonia molecules cannot be decomposed. Therefore, the atmosphere of the furnace is nitrogen, hydrogen, and ammonia.



In the second stage, the nitrogen production rate is mainly determined by the ammonia content on the surface of workpiece. The rate of nitrogen production increases with the increase in the ammonia flow rate and tends to be stable at point 2.



When the flow of ammonia gas enters the third stage, the yield of nitrogen remains constant, and the amount of nitrogen produced is determined by the reaction kinetics (adsorption, desorption, and chemical adsorption) on the surface of the workpiece [82]. This shows that it is meaningless to study the nitrogen potential in stage III.



The nitrogen potential (KN) is one of the factors to be considered in the study of the growth kinetics of the nitrided layer. As shown in Equations (4) and (5), the nitrogen potential is determined by temperature and pressure. Therefore, the effects of process parameters on gas nitriding and nitriding behavior are introduced from the two aspects of pressure and temperature.




3.1.2. Effect of Process Parameter Optimization on Nitriding Behavior


Effect of Pressure on Nitriding Behavior


Pressure is one of the factors affecting nitriding efficiency. From the ammonia decomposition formula, it can be seen that increasing the pressure can inhibit the decomposition of ammonia, reduce the decomposition rate of ammonia, and increase the nitrogen potential [81]. Fu et al. [71] developed a special pressurized gas equipment—a new type of gas nitriding furnace with a dual-pressure balance structure. The schematic diagram of the equipment is shown in Figure 5a. NH3 and Ar at the same pressure are fed into the inner furnace and outer furnace, respectively, and the pressure in the reaction chamber can be adjusted in a wide range by balancing the pressure of the inner and outer layers of the inner furnace wall to realize high-pressure gas nitriding. The equipment can ensure the smooth progress of the gas nitriding within the pressure range of 0–1.0 MPa.



Wang et al. [71] used NH3 as the medium to study the gas nitriding behavior of 38CrMoAl steel under the conditions of 510 °C and 1–6 atm. It was found that with the increase in pressure, the phase of the nitrided layer transforms as follows: a large amount of γ′-Fe4N + a small amount of ε-Fe2-3N + α-Fe → γ′-Fe4N + ε-Fe2-3N → γ′-Fe4N + α-Fe. With the increase in the pressure, the surface hardness of the nitrided sample first increases and then decreases and reaches a maximum value of about 1170 HV at 3.5 atm. At 6 atm, the thickness of the nitrided layer is as high as 410 µm, and the wear resistance is the best. Subsequent research also found that under the condition of 1–5 atm, the thickness of the nitrided layer can be increased from 210 µm to 1100 µm by gas nitriding treatment of pure iron at 500 °C for 5 h. When the nitriding pressure increases from 1 atm to 3 atm, the thickness of the compound layer increases from 5.3 µm to 10 µm, and then the thickness of the compound layer tends to be stable without being affected by the nitriding pressure. When the nitriding pressure increased from 1 atm to 3 atm, the phase ratio of the ε-Fe2-3N phase and γ′-Fe4N phase increased. When the nitriding pressure continues to increase to 5 atm, the phase ratio of the ε-Fe2-3N phase and γ′-Fe4N phase shows a downward trend. When the nitriding pressure is 3 atm, the phase ratio of the ε-Fe2-3N phase and γ′-Fe4N phase is the highest. These show that the composition of the compound layer can be controlled by controlling the nitriding pressure [20].




Effect of Temperature on Nitriding Behavior


For most steels, temperature is one of the main factors affecting the phase composition and properties of the nitrided layer. The temperature range of gas nitriding is generally 400–570 °C. The higher the temperature is, the deeper the nitriding layer is, but if it exceeds 550 °C, the nitrides will aggregate and grow to reduce the hardness [92]. Yazici et al. [93] found that when the nitriding temperature is higher than 450 °C, the corrosion resistance of the nitrided layer decreases due to the formation of chromium nitride. Therefore, the nitriding temperature should not be too high.



Xi et al. [94] used X-ray diffraction (XRD) to study the phase composition and evolution of the nitrided layer of martensitic stainless steel and concluded that low-temperature nitriding formed N-supersaturated αN phase and ε-Fe2-3N nitride, which made the hardness and wear resistance greatly improved. When the nitriding temperature is raised, the αN phase gradually transforms into α phase and CrN phase, forming a nitrided layer composed of α, ε-Fe2-3N, γ′-Fe4N, and CrN, which reduces the hardness of the nitrided layer.



Shogo et al. [95] used a nitriding device to characterize the surface modification layer of Ti-6Al-4V alloy produced by gas-blown induction heating (GBIH). The schematic diagram of the device is shown in Figure 5b. The device studies the effect of temperature on nitriding behavior by monitoring the internal temperature of the material, the electrical effect generated by induction heating (IH), nitrogen gas blowing, and the effect of passivation film on titanium alloys. It was found that the nitrided layer obtained by GBIH nitriding was thicker than that calculated from the diffusion coefficient inside the sample at high temperature. This is because during the nitriding process of GBIH, the electric effect generated by IH makes part of the nitrided layer to form rapidly. The electric effect of IH can also make the passivation film on the surface of Ti-6Al-4V alloy disappear rapidly during the GBIH nitriding process. Since the GBIH nitriding treatment is carried out under the condition of controlled atmosphere, the passivation film on the surface of the alloy will not be regenerated. Only a few minutes of GBIH nitriding can form nitrided layers on the surface of Ti-6Al-4V alloy, and the characteristics of these nitrided layers are similar to those formed after several hours of ordinary gas nitriding [96,97,98]. GBIH nitriding can modify Ti-6Al-4V alloy in a short time, mainly due to the electrical effect and the disappearance of passivation film produced by nitriding.





3.1.3. Effect of Process Parameter Optimization on Nitriding Efficiency


The influence of process parameter optimization on nitriding efficiency was compared and analyzed from the four aspects of nitriding time, nitriding temperature, nitriding layer structure, and nitriding layer hardness. According to the literature summary, and after taking the average value, the comparison histogram of parameter optimization gas nitriding and conventional gas nitriding efficiency uniformity is obtained, as shown in Figure 6.



(1) Nitriding time: Increasing temperature and pressure can shorten nitriding time by 60%. Lu et al. [99] found that the nitriding time of 304 stainless steel can be shortened from 8 h to 3 h under the condition of increasing temperature and pressure. Similarly, Alekseeva et al. [22] also found that under the conditions of increasing temperature and pressure, the nitriding time of martensitic steel can be shortened from 15 h to 6 h. Therefore, the nitriding time of gas nitriding can be shortened and the production efficiency can be improved by increasing the temperature and pressure without affecting the quality of the nitriding layer.



(2) Nitriding temperature: Increasing the atmospheric pressure can reduce the nitriding temperature of gas nitriding to 86%. Wang et al. [71] found that the nitriding temperature of 38CrMoAl steel can be reduced from 600 °C in conventional processes to 500 °C under the condition of increasing the atmospheric pressure. Similarly, Wen et al. [100] also found that increasing the pressure can reduce the nitriding temperature of TC4 titanium alloy from 560 °C in conventional processes to 530 °C. Therefore, the nitriding temperature of gas nitriding can be reduced, the formation of the nitriding layer can be promoted, and its performance can be improved by increasing the atmospheric pressure.



(3) Nitrided layer structure: By optimizing the temperature and pressure, a better infiltrated structure can be obtained, and the grains are refined to 90%. Avelar-Batista et al. [101] found that a denser and more uniform infiltrated layer structure can be obtained through the multi-step glow discharge plasma technology. Similarly, Wang et al. [102] found that a denser and smoother layer structure can be obtained, and the corrosion resistance of the layer can be improved by increasing the pressure and time of gas nitriding. In addition, Fu et al. [20] also found that a denser and uniform nitrided layer structure can be obtained, and the thickness of the nitrided layer will increase accordingly under the conditions of increasing temperature and pressure. Therefore, the structure of the gas nitriding layer can be improved, and a denser layer can be obtained by optimizing the temperature and pressure.



(4) Nitrided layer hardness: The hardness of the gas nitriding layer can be increased to 116% by optimizing temperature and pressure [103,104]. Godec et al. [105] found that when the atmosphere ratio is 1:1, the hardness of the nitrided layer can reach 900 HV under the condition of 600 °C and 0.1 MPa. However, when the temperature rises to 700 °C, the hardness of the nitrided layer can reach more than 1000 HV. Michla et al. [106] found that the hardness of the nitrided layer can reach 1100 HV under the conditions of 700 °C and 4.5 MPa. Therefore, a higher hardness of the nitrided layer can be obtained, and the hardness of the nitrided layer can reach more than 1000 HV by optimizing the temperature and pressure.





3.2. Surface Mechanical Nano-Crystallization


3.2.1. Accelerating the Nitriding Mechanism of Surface Mechanical Nano-Crystallization


Surface mechanical nano-crystallization (SMAT) is a method of using mechanical impact to cause strong plastic deformation on the surface of the material at a high strain rate, thereby forming nano-scale grains on the surface while there is no impurity pollution inside the metal material [107]. Generally, mechanical processing or heat treatment methods, such as shot blasting and surface mechanical abrasion treatment, are used to realize surface self-nano-crystallization on the metal surface, and to obtain the gradient nano-structure surface layer whose grain size gradually increases along the thickness direction [108].



Although the preparation methods of surface deformation nano-scale are different, the mechanism of surface grain refinement and strengthening is basically the same. Both use specific mechanical methods to increase the free energy of the metal material surface, so that the surface of the material undergoes strong plastic deformation at a high strain rate, thereby forming sub-grain boundaries, small-angle grain boundaries, dislocations, and twins within the grains. And, there is an interaction between them to divide the large grains on the metal surface to refine the grains, thereby realizing the nano-crystallization of the surface layer [109]. Based on the observation of the microstructure, it is found that when the metal material is deformed to produce grain refinement, the following process generally occurs: (1) formation of high-density dislocation walls (DDWs) and dislocation tangles (DTs) in the original grains; (2) high-density dislocation wall and transformation of dislocation entanglements into single crystals or sub-grains separated by low-angle grain boundaries; (3) sub-grain boundary evolves into high-angle grain boundary [110,111]. The mechanism of grain refinement is shown in Figure 7.



When the metal surface is treated by mechanical methods, a certain stress field will be formed on the surface of the material, and the farther the depth from the surface is, the smaller the strain and strain rate will be. Therefore, the available structure of the metal material surface layer is a nano-crystalline, submicron crystalline layer, micron crystalline layer, and plastically deformed coarse crystalline transition layer. The grain size shows a gradient change law that gradually increases with the direction of depth change [109]. The formation of this surface nano-layer and the introduction of compressive stress can improve the corrosion resistance, friction and wear, and fatigue properties of the materials. It also has a good improvement effect on other surface treatment (such as chemical heat treatment, spraying, etc.) or interface bonding problems [112].



In general, nitrogen atoms require less activation energy for diffusion at dislocations or grain boundaries [19,113]. After plastic deformation on the surface of the metal workpiece, the crystal grains can be refined, the short-circuit diffusion path can be increased, the nitriding temperature can be significantly reduced, and the infiltration rate of nitrogen atoms can be increased [114,115]. The surface mechanical deformation nano-structure can form a gradient nano-structure on the surface of the workpiece, which has a significant effect on promoting the nitriding process of the surface of the metal material. The surface mechanical nano-technology is simple and convenient and has been applied to the pretreatment of nitriding parts [107].



Since Lu [108] proposed the improvement of low-temperature nitriding technology by surface mechanical nano-technology, it has attracted extensive attention and exploration of international scholars and been applied to the pretreatment of various gas nitriding processes.




3.2.2. Effect of Surface Mechanical Nano-Crystallization on Nitriding Behavior


The formation of the nitrided layer in the gas nitriding process begins at certain energy-rich places, such as grain boundaries, surface defects and impurities, etc. [113]. As shown in Figure 8, unlike the substrate nitriding, the metal surface nano-layer has a high density of grain boundaries, such as dislocations, twins, and sub-grain boundaries, which provide ideal diffusion channels for N atoms [114]. The density of the lattice defects is also one of the conditions affecting the thickness of the nitrided layer. The nano-sized surface increases the grain boundary defects, provides an ideal channel for the diffusion of N atoms, significantly reduces the activation energy of N atom diffusion, and improves the nitriding kinetics [115].



Tong et al. [107] carried out nitriding for 9 h on an iron plate subjected to SMAT and an untreated iron plate in an NH3 environment at 300 °C. The iron plate structure used in the experiment was α-Fe and the grain size was 100 μm. As shown in Figure 9, the α-Fe-phase grains on the surface of the SMAT sample still maintain nano-meter size, and there is a nitrided layer with a thickness of about 10 μm on the surface, which is composed of ε-Fe2-3N and γ′-Fe4N mixed phase and a small amount of α-Fe-phase composition, while the untreated sample is only composed of nitride and α-Fe-phase mixture. Compared with the untreated sample, the surface hardness of the SMAT sample increased, the friction coefficient decreased, and the wear resistance improved. This is mainly due to the existence of surface nano-crystals, which provide a large number of grain boundaries and other metallurgical structural defects, which effectively promote the diffusion of N atoms [116,117]. Compared with the intragranular diffusion, the activation energy of the grain boundary of Fe nano-crystals is only about half that of the intragranular, which is more conducive to the diffusion of N atoms. In addition, after mechanical grinding induces the surface nano-scale, a large amount of stored energy is formed at the grain boundary and within the grain, which provides an additional driving force for the nitriding process and promotes the formation of nitrides and the progress of low-temperature nitriding [118].



SMAT nitrided specimens have a thicker compound layer, a unique transition zone, and a diffuse layer with a small amount of acicular nitride. This excellent nitrided layer structure makes the SMAT nitrided samples show more excellent hardness and wear resistance [19,115]. Subsequent studies have also found that SMAT can also increase the thickness of the steel layer and accelerate the rate of nitride formation [119,120]. And, for the Cr-containing steel, a small amount of Fe4N phase was formed in the SMAT nitrided sample, which was due to the high-temperature-induced nitride nucleation.



Sun et al. [121] used surface grinding treatment to prepare a nano-Ti layer on the surface of the Ti/Al composite sheet and found that the nitriding temperature of the SMAT sample was significantly lower compared with the traditional nitriding process. Compared with coarse-grain nitriding samples, SMAT nitriding samples generate thicker supersaturated ε-TiN and γ-Ti2N nitride layers (4 μm) at the interface of the Ti layer and Al layer. The wear resistance and corrosion resistance of the sample are also significantly improved. Chemkhi et al. [122] found that the nitrided layer of the SMAT sample increased from 26 µm to 40 µm after nitriding treatment at 425 °C for 20 h when the grain size was 50 nm.



Balusamy et al. [123] found that the increase in martensite content and the decrease in surface roughness are conducive to the diffusion of nitrogen atoms, promote the precipitation of the element Cr, and form a higher content of CrN. Moreover, a passivation layer with a thickness of 60–120 nm is formed. The formation of this type of passivation layer will inevitably have a great impact on the corrosion resistance of the sample. Lin [124] and Zhang [125] found that compared with untreated nitriding samples, the wear life of SMAT-treated nitriding samples was 3 to 10 times that of untreated samples. This is because SMAT pretreatment promotes the formation of a nitrided layer and a gradient diffusion layer, which makes SMAT nitrided samples have higher hardness and bearing capacity.



In summary, the surface mechanical nano-technology can effectively promote the nitriding process on the surface of metal materials, reduce the nitriding temperature, increase the thickness of the nitriding layer, reduce the nitride crystal size, increase the nitride content, and improve the composite modified layer’s performance.



The surface mechanical nano-crystallization and nitriding post-treatment composite modification layer is composed of a nitride layer, a diffusion layer accompanied by plastic deformation, and an undeformed diffusion region [123,124,125]. The mechanism of surface mechanical nano-crystallization to promote the nitriding process mainly includes the following: (1) The severe plastic deformation on the surface of the deformation-treated sample makes the refinement of the grains reach the nanometer level, which increases the grain boundary volume fraction and the density of defects such as dislocations, and provides more channels for the diffusion of nitrogen atoms. These active channels maintain good stability at higher temperatures. (2) The presence of high-density grain boundaries within the deformed nano-scale layer enhances the nitride nucleation rate. (3) The severe plastic deformation treatment increases the chemical activity of the surface, which promotes the chemical reaction during the nitriding process. (4) The severe deformation of the surface triggers the phase transition of the surface layer, which promotes the diffusion of nitrogen atoms [109,110,111].



However, in order to achieve the best performance of surface mechanical nano-crystallization to promote nitriding, the following issues need to be paid attention to [126]: (1) The surface roughness should not be too large, otherwise it will inhibit the nitriding process and cause poor surface integrity, which will affect the surface performance. (2) The surface mechanical nano-pretreatment process and the nitriding process need to achieve the best match. (3) According to the requirements of the service performance of the surface layer, the structure of the surface-composite-modified layer is reasonably designed, and the appropriate mechanical nano-technology method is selected to organically combine with the nitriding process.




3.2.3. Effect of Surface Mechanical Nano-Crystallization on Nitriding Efficiency


The effects of surface mechanical nano-crystallization on nitriding efficiency are compared and analyzed from the four aspects of nitriding time, nitriding temperature, structure of the nitrided layer, and hardness of the nitrided layer. According to the summary of the literature, the comparison histogram of the uniformity of surface nano-gas nitriding and conventional gas nitriding efficiency is obtained after taking the average values, as shown in Figure 9.



(1) Nitriding time: The pretreatment of surface mechanical nano-crystallization can shorten the nitriding time of gas nitriding to 70%. Sun et al. [127] performed mechanical grinding on the surface of pure iron and then carried out nitriding treatment in an ammonia atmosphere. It was found that the nitriding depth of the SMAT sample was greater than that of the untreated sample, and the nitriding time was also reduced by about 30%. Therefore, the nitriding time of gas nitriding can be shortened and the production efficiency can be improved through the pretreatment of surface mechanical nano-meterization.



(2) Nitriding temperature: The pretreatment of surface mechanical nano-crystallization can reduce the nitriding temperature of gas nitriding to 96%. The effect of SMAT on nitriding temperature is not clear. However, some studies have shown that surface mechanical nano-treatment can slightly reduce the nitriding temperature. Proust et al. [128] nano-sized the thin-grained layer on the surface of 316L stainless steel and found that the nitriding temperature of the sample after surface nano-treatment was lower than that of the untreated sample in the same atmosphere and the nitriding depth was also larger. However, other studies have shown that surface mechanical nano-treatment has no significant effect on nitriding temperature. Tong et al. [129] nano-sized a thin crystal layer on the surface of pure iron and then carried out nitriding treatment under nitrogen atmosphere. It was found that the nitriding temperature of the sample after surface nano-treatment was not much different from that of the untreated sample. Taken together, SMAT has no significant effect on the nitriding temperature of gas nitriding.



(3) Nitrided layer structure: A better structure of the nitrided layer can be obtained through the pre-treatment of the surface mechanical nano-crystallization, and the grains are refined to 73%. Liu et al. [130] nano-sized a TiN film on the surface of Ti6Al4V alloy and found that the permeation layer of the sample after surface nano-treatment was denser and more uniform. In a study, untreated tool steel and tool steel with surface mechanical nano-treatment were subjected to gas nitriding treatment. The results showed that the grain size of the nitride layer treated with surface mechanical nano-treatment is about 30% lower than that without SMAT. Therefore, the pretreatment of SMAT can improve the gas nitrided layer structure and obtain a denser layer.



(4) Nitrided layer hardness: Surface mechanical nano-crystallization can increase the hardness of the gas-nitrided layer to 135%. The results of studies may be different due to the influence of surface mechanical nano-processing methods, processing time, processing conditions, and other factors. Generally, the hardness of materials treated with surface mechanical nano-technology can be increased by 10% to 50% compared with untreated materials. Yang et al. [74] performed ball milling and heat treatment on the surface of 40Cr steel and then carried out plasma nitriding under ammonia atmosphere. It was found that the hardness of the samples treated with surface nano-crystallization was higher than that of the untreated samples. It should be noted that although the surface mechanical nano-treatment can improve the hardness of the material, too high a hardness will also bring about problems such as brittleness. Therefore, the balance of factors such as hardness and toughness need to be considered comprehensively in practical applications.





3.3. Surface-Active Catalytic Nitriding


3.3.1. Accelerating Nitriding Mechanism of Surface-Active Catalytic Nitriding


Surface-active catalytic nitriding is a technology that uses surface catalysts to promote gas reactions on the surface of materials. Adding a surface-active infiltrating agent into the furnace by means of surface coating, dripping, and gas-solid mixing can reduce the activation energy of the workpiece surface during gas nitriding. It can also increase the decomposition rate of adsorbed ammonia on the workpiece surface, realize low-temperature gas nitriding, and improve nitriding efficiency [42,43]. During the gas nitriding process, surface-active catalysis nitriding can provide additional reaction sites and promote the adsorption and reaction of nitrogen molecules to accelerate the nitriding rate [131]. In addition, surface-active catalytic nitriding can realize the nitriding reaction at a lower temperature and reduce the influence of nitriding temperature on the material to improve the heat resistance and mechanical properties of the material [132]. Overall, surface-active catalysis is an effective gas nitriding technology that can achieve an efficient nitriding process at lower temperatures, resulting in improved material performance and durability.



According to the different types of elements, surface-active penetrating agents can be divided into two categories: One is the alloying elements (Me), mainly Ni, C, Ti, B, and other elements. The difference in N affinity between alloying elements and Fe is used to control the characteristics of the gas nitrided layer, thereby obtaining an excellent nitrided layer with thin compound layer; a thick, effective hardened layer; high hardness; and high toughness [133,134,135]. The other is rare-earth elements (Re). The characteristics of high chemical activity and large atomic radius (40% larger than iron) are used to increase the diffusion rate of the nitrogen atoms [136,137].




3.3.2. Effect of Surface-Active Catalytic on Nitriding Behavior


Effect of Alloying Elements (Ni, C, Ti, B, etc.) on Nitriding Behavior


During the gas nitriding process, the nitrogen atoms absorbed on the surface of the workpiece participate in the nitriding reaction and diffuse into the matrix, resulting in the development of the diffusion zone. In the nitrogen supply medium (nitriding atmosphere), iron can directly react with nitrogen, resulting in the formation of a layer of iron nitride on the surface of the sample at the top of the diffusion zone when the nitrogen potential is high enough. This layer of iron nitride is the so-called compound layer [138]. The active catalysis of alloying elements uses its affinity for nitrogen more strongly than for iron and preferentially interacts with nitrogen in the diffusion zone to regulate the phase characteristics of the nitrided layer and improve the performance of the nitrided layer [139]. The grain composition, crystal structure, and morphology of alloying elements (Me) and nitrides (MeNx) have a significant effect on controlling the properties of iron-nitride-based components [140].



As shown in Equation (7), one mole of MeNx develops from one mole of Me atoms initially dissolved in the nitrogen-free ferrite matrix lattice during the precipitation process. By comparing the molar volume of the nitride crystal (vMeNx) with that of the ferrite matrix crystal (vFe), it was found that the crystal structure of the nitrides may be incompatible with that of the ferrite matrix, resulting in the precipitation of non-equilibrium crystal structures or even amorphous metastable nitrides. And, the volume mismatch between the nitride precipitates and the ferrite matrix and the exposed crystal confinement at the precipitate/matrix interface can lead to strain [141].


    Δ v  v  =    v  MeNx   −  v  Fe      v  Fe     × 100 %  



(7)







The interaction strength of Me and N can be characterized by the chemical Gibbs energy (ΔGchem), and the strain energy (ΔGstrain) generated during the precipitation process can significantly slow down the nitriding precipitation process. The interaction between chemical Gibbs energy (ΔGchem) release and strain energy (ΔGstrain) consumption is shown in Equation (8) [142].


  I = −   Δ  G  chem     Δ  G  strain      



(8)







The precipitation kinetics of nitrides are mainly affected by the development of misfit-strain fields and their relaxation rates caused by the coherent→incoherent transition at the Me-nitride/α-Fe interface [143,144]. It is now possible to precisely determine the various types of (excess) nitrogen present in the nitrided microstructure. Armed with this knowledge, physics-based models are being developed that can describe nitriding behavior.



Inia et al. [145] took the lead in preparing a 6–45 nm thick Ni coating on the surface of pure iron by electron beam evaporation or electrochemical deposition. Then low-temperature nitriding was carried out in a pure NH3 medium at 325 °C for 45 min. The distribution of N elements in the obtained nitrided layer is shown in Figure 10. It was found that a large amount of iron oxide was formed on the surface of the pure iron without coating pretreatment, and the maximum concentration of N was only 5 wt.%. The N concentration of the nitriding pure iron pretreated with Ni coating is in the range of 20–30 wt.% and reaches the maximum when the concentration of O atoms is reduced to the minimum under the action of Ni coating. The active N produced by the decomposition of NH3 diffuses into the Ni coating. Due to the different affinity of Ni and Fe for N, N desorbs on the surface of the Ni coating and diffuses through the Ni coating to the underlying substrate. This results in a sufficiently high nitrogen potential at the coating–substrate interface to form nitrides in iron or steel. During nitriding, the Ni coating provides part of the metal surface and satisfies the kinetic barrier for N uptake from NH3, which is lower than that of the iron oxide surface. These results indicate that the presence of Ni coating plays a role in promoting nitriding. Subsequently, the team prepared a nickel coating with a thickness of about 36 nm on a surface of pure iron and carried out low-temperature nitriding in a pure NH3 medium at a temperature lower than 300 °C for 30 min to obtain a non-porous iron nitrided layer [146].



Steiner et al. [140] found that carbides were less stable than nitrides by comparing the Gibbs formation energies of carbides and nitrides. At 773 K (500 °C), the Gibbs formation energy of Ti to TiN is -268 kJ/mol, and the Gibbs formation energy of Ti to TiC is -174 kJ/mol. During the nitriding process, the carbides generated due to the tempering treatment are dissolved, reprecipitated, or directly converted into nitrides. If a compound layer is formed on the surface of the sample, the carbon released by the nitride formation may infiltrate into the compound layer if the nitrogen potential in the surrounding atmosphere is sufficiently high. If the compound layer cannot be formed on the surface of the sample, the carbon will diffuse into the atmosphere. Especially at a greater depth from the surface of the compound layer, the carbon released by the formation of nitrides may lead to local supersaturation of carbon so that carbon is precipitated in the form of cementite Fe3C. During the nitriding process, the macroscopic compressive stress parallel to the surface of the compound layer along the diffusion zone makes the cementite preferentially formed on the grain boundary.



As shown in Figure 11, Mao et al. [147] carried out an innovative nitriding treatment with the addition of trace amounts of Ti on 42CrMo steel. It was found that the addition of trace amounts of Ti can significantly improve the properties of the nitrided layer and obtain a high-hardness and high-toughness nitrided layer with less compound layer. It can also significantly increase the nitriding efficiency at the same time. Under the process condition of 540 °C × 4 h, adding a trace amount of Ti can significantly increase the thickness of the effective hardened layer, from 225 μm in conventional nitriding to 380 μm. The nitriding efficiency is increased by nearly 70%. When the thickness of the effective hardened layer is increased, the thickness of the compound layer is reduced from 19 μm in conventional nitriding to 10 μm. The thickness of the compound layer is reduced by about 50%. The ratio of the compound layer to the effective hardened layer in the permeation layer is reduced from 8.5% to 2.6%. At the same time, a small amount of titanized layer was added to form a high-hardness strengthening phase TiN, which increased the surface hardness of the nitrided layer from 703 HV0.05 to 895 HV0.05. Adding a small amount of Ti has obtained excellent nitrided layer characteristics for the thin compound layer and the thick, effective hardened layer as well as high hardness and high toughness. The nitrided layer has important research and application value for improving impact resistance and wear resistance under the heavy load of ion nitrided parts.



Zheng et al. [148] used 42CrMo steel as the material to explore the effect of adding a small amount of B on the nitriding efficiency and the structure of the nitrided layer. The research results show that the addition of trace B can significantly improve the nitriding efficiency. Under the same nitriding process, the thickness of the compound layer increases gradually with the increase in B addition, from 18.78 μm to 29.44 μm. At the same time, ferron–boron compounds FeB and Fe2B zigzag vertically wedged into the matrix and are formed at the junction of the compound layer and the diffusion layer, achieving the remarkable effect of enhancing the bonding force between the nitrided layer and the substrate and improving the hardness of the nitrided layer. With the increase in B addition, the surface hardness of the sample and the effective hardened layer depth are gradually increased, and the surface hardness can be increased from 750 HV0.05 to 1002 HV0.05. The effective hardened layer thickness increased from 265 μm to 355 μm. The nitriding efficiency increased by about 35%.



All in all, the addition of alloying elements can improve the nitriding behavior of the material and improve properties such as penetration depth, hardness, and wear resistance. However, different alloying elements have different effects on the nitriding behavior, and excessive addition may lead to adverse effects. Therefore, it needs to be selected and optimized in specific applications.




Effect of Rare-Earth Elements (Re) on Nitriding Behavior


In the 1930s, B. Lehrer established the controllable nitriding phase diagram of nitriding temperature, nitrogen potential, and corresponding phase (as shown in Figure 4). From then on, the theoretical research and industrial application exploration of gas-controlled nitriding began [87]. In the 1950s, the American Carpenter Company applied rare-earth elements to the treatment of stainless steel, and American steel foundries applied rare-earth elements to the surface treatment of metals. At the same time, researchers represented by Wei and Liu [149] introduced rare earths into the field of chemical heat treatment for the first time and made a major breakthrough in the rare-earth infiltration of steel, creating a precedent for rare-earth-catalyzed nitriding. In the 1980s, researchers at the Harbin Institute of Technology proposed the concept of rare-earth co-infiltration and gradually supplemented the theory of rare-earth-catalytic nitriding. In the late 1990s, scholars began to study the effect of rare earths on the surface modification behavior of plasma ion beam materials. In the 21st century, scientific researchers represented by Yan [150] have made remarkable achievements in the theory and application of rare-earth infiltration, which has promoted the practical engineering application of catalytic nitriding. After more than a century of continuous research and improvement, the theory and technology of rare-earth infiltration technology have been developed rapidly, and it has gradually become one of the most important chemical heat treatment processes. Table 1 shows the common rare-earth-catalyst processes and penetrants used in industrial production [151].



In the nitriding process, N atoms always infiltrate along the tissue defects in the matrix first and then diffuse. The infiltration coefficient β and the diffusion coefficient D are commonly used to characterize the infiltration speed of nitrogen atoms. Nitriding temperature, nitrogen potential, material defect density, interfacial reactivity, and steel structure all affect these two parameters.



The effect of rare-earth-catalyzed nitriding is mainly reflected in two aspects: on the one hand, rare-earth atoms penetrate into steel, increasing the defect density inside the matrix, which increases the penetration coefficient β and diffusion coefficient D. However, conventional infiltration methods only increase the reactivity of the surface without increasing the defect density in the matrix, and the effect of infiltration is not ideal. On the other hand, the infiltration of rare-earth atoms is not evenly distributed. The scattered form cooperates with the Coriolis air mass to act simultaneously, which finally results in the uneven distribution of N atoms. Nitrogen atoms infiltrate to form nitrides with rare-earth as the core dispersed on the steel surface, and its shape changes from flake to quasi-spherical, which improves the infiltration effect [158]. The special electronic structure of rare-earth atoms can not only improve the nitriding efficiency but also improve the structure of the nitrided layer. Vein-like tissue is easily produced in the nitrided layer of conventional nitriding. The nitrides segregate along the grain boundaries, which increases the surface hardness and also increases the brittleness of the compound layer. Rare-earth-catalyzed nitriding distributes the nitrides with rare-earth atoms as the core in a diffuse and uneven distribution, which becomes a trap for interstitial nitrogen atoms. This will lead to the formation of a Coriolis air mass, effectively avoiding the segregation of nitrides along the grain boundaries and the generation of veins, improving the surface hardness and effectively reducing the brittleness of the compound layer [159]. Li et al. [160] found that rare-earth-catalyzed nitriding of 12Cr1MoV steel increased the thickness of the nitrided layer, improved the strength and toughness of the compound layer, and improved the wear resistance of the nitrided layer. Torchane [161] found that the rare earths improved the diffusion kinetics of nitrogen atoms, increased the surface hardness and diffusion depth, and optimized the hardness gradient distribution through the gas nitriding of 32CrMoNiV5 steel with rare-earth elements.



Chen et al. [75] studied the effect of rare-earth additive La on the low-temperature gas nitriding of AISI 4140 steel. Before gas nitriding, a LaFeO3 thin film was deposited on the surface of AISI 4140 using a LaFeO sol (gel precursor solution) by spin coating. Subsequently, gas nitriding treatment was carried out for 4 h under the conditions of 400, 475, and 550 °C when the flow rate of NH3 was 5 L/min. It was found that LaFeO3 is a typical ABO3 rare-earth perovskite oxide, which has a good catalytic effect on gas nitriding. It effectively improves the thickness of the hardened layer and the microhardness, wear resistance, and corrosion resistance of the nitrided sample. As shown in Figure 12, the mechanism of action of LaFeO3 catalytic coating can be divided into the following two aspects: (1) the equilibrium ratio between adsorbed N and dissolved N on the nitriding surface and (2) sufficient oxygen vacancies in LaFeO3 provide more diffusion paths for N atoms. Subsequently, the same method was used to deposit LaFeO3 film on the surface of 42CrMo steel, and it was verified again that LaFeO3 can improve the efficiency of gas nitriding as a catalyst.



Zhang et al. [131] used a chromium-, nickel-, and cerium-doped LaFeO3 oxide coating to systematically study its effect on the catalytic nitriding efficiency of AISI 4140 steel. Its mechanism is shown in Figure 13. It was found that all ABO3 oxides showed good catalytic activity in the low-pressure gas nitriding reaction, which mainly depended on the chemical state of the active oxygen on the surface of the sample. However, this state is affected by the valence state of the metal element being doped. With the extension of nitriding time, the catalytic activity of LaCrO3 and LaNiO3 oxides weakens, while that of LaFeO3 and (La0.5Ce0.5)FeO3 oxides increases. When the ratio of adsorbed oxygen to hydroxyl on the nitriding surface exceeds the critical value (1.33), ABO3 oxide improves the efficiency of catalytic nitriding.



In summary, improving the growth kinetics of the nitrided layer and reducing the surface activation energy of the nitrided workpiece are effective ways to improve the nitriding efficiency of the substrate material. During the nitriding process, we hope that the ammonia gas flowing through the surface of the nitriding workpiece will undergo thermal decomposition to generate active nitrogen atoms so that more active nitrogen atoms will be adsorbed and diffused into the metal substrate to achieve the purpose of improving nitriding efficiency. The use of surface-active penetrants can achieve this purpose. Adding the surface-active penetrants into the furnace through surface coating, dripping, and gas–solid mixing can reduce the activation energy of the workpiece surface during the gas nitriding process. It can increase the decomposition rate of adsorbed ammonia on the surface of workpiece and realize low-temperature gas nitriding, improving nitriding efficiency [140].



There are two types of surface-active penetrants. One is alloy elements (Me), mainly Ni, C, Ti, B, etc. The phase properties of the nitrided layer are adjusted by using the different affinity for N between alloying elements and Fe to obtain an excellent nitrided layer with a thin compound layer; a thick, effective hardened layer; high hardness; and high toughness. The other is rare-earth elements. The high chemical activity and large atomic radius of rare-earth elements are used to increase the diffusion rate of nitrogen atoms. However, in order to achieve the best performance of surface-active catalytic nitriding, the following issues need to be paid attention to: (1) Noble metals and rare-earth elements are used as ammonia decomposition catalysts. Although the catalytic activity is good, the cost is high. (2) Most studies on the application of surface-active catalytic coating pretreatment in nitriding of austenitic stainless steel still have the disadvantages of high nitriding temperature and long holding time. (3) The research on the performance and action mechanism of surface active penetrants on workpieces after nitriding is not adequate. (4) Past studies mainly focused on the nitriding behavior of binary Fe-based alloys, which should be applied to the nitriding process of multi-element Fe-based alloys.





3.3.3. Effect of Surface-Active Catalytic Nitriding on Nitriding Efficiency


The effects of surface-active catalytic nitriding on nitriding efficiency are compared and analyzed from the four aspects of the nitriding time, nitriding temperature, structure of nitrided layer, and hardness of nitrided layer. As shown in Figure 14, the efficiency comparison histogram of surface-active catalytic nitriding and conventional gas nitriding is obtained after taking the average value according to the literature summary.



(1) Nitriding time: Surface-active catalytic nitriding can shorten the time of gas nitriding by up to 35%. Taking the low-temperature gas nitriding promoted by surface-active catalytic nitriding as an example, the study [75,162] found that in the presence of a penetrant, the nitriding time can be shortened to about one-third to one-quarter. And, the hardness and wear resistance of the nitrided layer were also significantly improved. In contrast, the nitriding time takes longer to achieve the same thickness and hardness of the nitrided layer in the case of no penetrant. Therefore, surface-active catalytic nitriding can shorten the nitriding time and improve production efficiency.



(2) Nitriding temperature: Surface-active catalytic nitriding can reduce the temperature of gas nitriding to 82%. Surface-active catalytic nitriding can realize the nitriding reaction at a lower temperature, thereby reducing the influence of nitriding temperature on the material and improving the heat resistance and mechanical properties of the material. Yasuda et al. [163] found that in the presence of penetrant, the nitriding temperature can be reduced by more than 100 °C, and the hardness and wear resistance of the nitrided layer are comparable to those of traditional high-temperature nitriding. Therefore, surface-active catalytic nitriding can reduce the temperature of gas nitriding and promote the formation of the nitrided layer and improve its performance.



(3) Nitrided layer structure: Surface-active catalytic nitriding can obtain a better structure of the nitrided layer, and the grains are refined to 90%. Studies have shown that in the presence of penetrant, the structure of the nitrided layer can be transformed from the traditional structure of “inner-film middle layer/outer film” to a uniform single-layer structure. This structure can improve the compactness and bonding force of the nitrided layer to significantly improve the wear resistance and corrosion resistance of the material [131,164]. Therefore, the pretreatment of surface-active catalytic nitriding can improve the structure of the nitrided layer and obtain a denser layer.



(4) Nitrided layer hardness: Surface-active catalytic nitriding can increase the hardness of nitrided layers up to 132%. Studies have shown that in the presence of penetrant, the hardness after nitriding can be increased by about 20%–50% compared with traditional nitriding. At the same time, the penetrant can promote the uniform distribution of nitrogen, avoid the limitation of solid solubility of nitrogen in the nitriding process, and further improve the hardness and wear resistance of the nitrided layer [43,165]. Therefore, higher hardness can be obtained by surface-active catalytic nitriding.





3.4. Surface Pre-Oxidized Nitriding


3.4.1. Accelerating Nitriding Mechanism of Surface Pre-Oxidized Nitriding


When the metal surface is treated by the method of pre-oxidation, a thin oxide film will be formed on the metal surface, and this oxide film is mainly composed of Fe3O4 and Fe2O3. As shown in Figure 15, surface pre-oxidation will form a thin layer of dense oxide film on the surface of the workpiece, during which the following reactions occur [166]:


4Fe + 3O2 = 2Fe2O3, 3Fe + 2O2 = Fe3O4



(9)






3Fe + 4H2O = Fe3O4 + 4H2



(10)







In the gas nitriding stage, under the reducing action of ammonia and hydrogen, the oxide film is continuously reduced and combined with active nitrogen atoms, enriched on the surface of the workpiece. And, because the oxide film is continuously reduced to form a loose and porous structure, the diffusion channel of nitrogen atoms is increased, and the chance of nitrogen atoms being adsorbed on the surface is increased [46]. The following reactions may occur:


4Fe3O4 + 4NH3 = 4Fe3N + 6H2O + 5O2



(11)






[Fe] + x[N] → FexN



(12)






4H2 + Fe3O4 = 3Fe + 4H2O



(13)







It can be seen from Equations (9)–(13) that the oxide film is constantly replaced by nitride to increase the thickness of the effective nitrided layer and improve the nitriding efficiency.



There are three main methods of surface pre-oxidation: air pre-oxidation, anodic oxidation, and micro-arc oxidation technology [167,168].



The air pre-oxidation method places the workpiece in the air and heats it to 300–600 °C (usually 450–500 °C is the best), and the holding time is 30–90 min to oxidize the surface to form a thin oxide film. The air pre-oxidation method has the advantages of simple operation, low cost, and no need to add additional equipment, so it is suitable for promotion in industrial production [169].



The anodic oxidation method is the process of preparing an oxide film on the surface of the anode in the corresponding electrolyte under the action of an external current using electrode reaction and electric field drive to make metal particles and oxygen ions migrate directionally. At present, the research is mainly focused on the preparation of highly ordered anodized film and subsequent treatment process conditions, fine adjustment of anodized pore size and film thickness, and anodized film as a template to prepare various nano-tube materials. Relevant studies have proved that the oxide film structure prepared by the anodic oxidation method is a super penetrant in the nitriding process, and the effect is excellent [46].



The micro-arc oxidation method is developed from ordinary anodic oxidation. Its process is simpler than anodic oxidation, and its film characteristics are better than the anodic oxidation method. Micro-arc oxidation technology refers to placing the workpiece in the electrolyte and using the principles of plasma chemistry and electrochemistry to generate spark discharge on the surface of the material. The oxide film layer is prepared on the surface of metal materials through the joint action of electrochemistry, thermochemistry, and plasma chemistry [170,171].



The air pre-oxidation method, anodic oxidation method, and micro-arc oxidation method all have obvious catalytic effects in the process of material nitriding. Among them, the air pre-oxidation method is easy to operate and low cost and is suitable for popularization in production.




3.4.2. Effect of Surface Pre-Oxidation on Nitriding Behavior


Surface pre-oxidation can increase the diffusion rate of nitrogen atoms and promote the formation of nitrides. It can also improve the initial wear resistance, seizure resistance, and mechanical fatigue strength of the workpiece surface. After adopting the surface pre-oxidized nitriding, Zhang et al. [172] found that the thickness of the nitrided layer on the surface of the base material 42CrMo steel increased, and the thickness of the effective diffusion layer was significantly improved.



Under the same nitriding process, the thickness of the nitrided layer without surface pre-oxidation treatment is only 6.15 μm. However, the thickness of the nitrided layer after surface pre-oxidation treatment increased. And, when the pre-oxidation process is 300 °C × 30 min, the thickness of the nitrided layer reaches the maximum value of 15 μm. Li et al. [46,173] used the Owens–Wendt formula to calculate the surface free energy of 42CrMo steel treated with different pre-oxidation processes. The surface free energy calculation formula is as follows:


   γ s  =  γ s p  +  γ s d   



(14)




where γs is the surface free energy,    γ s p    is the polar component of the surface free energy, and    γ s d    is the dispersive component of the surface free energy. The results show that when the pre-oxidation process is 300 °C × 30 min, the    γ s p    and    γ s d    are the largest. The surface free energy calculated by Formula (14) is the largest. The higher the surface free energy is, the more unstable the structure is, thus playing a significant role in promoting gas nitriding [167].



Ma [174] found that surface pre-oxidized nitriding improved the surface hardness of the base material 30Cr3Mo steel and increased the thickness of the nitrided layer. During the nitriding process, the formed ε phase is a key factor affecting the surface hardness of the nitrided layer. At the initial stage of nitriding, the active N atoms quickly formed alloy nitrides with high dispersion on the surface of the sample under the effect of infiltration. Two to three h after the start of surface pre-oxidized nitriding, the nitrided layer began to increase rapidly, and the hardness of the sample appeared at the highest value. Since the formed high-hardness dispersed nitride hardly decomposes, the hardness of the sample is maintained until the end of nitriding. Compared with surface pre-oxidized nitriding, the dispersion of alloy nitrides formed on the surface of the sample by conventional nitriding is lower. This will result in a lower surface hardness after nitriding than the surface pre-oxidized nitriding. Under the same conditions of material, nitriding temperature, and NH3 decomposition rate in the furnace, the nitriding speed mainly depends on the nitrogen absorption capacity of the surface of the sample. The use of surface pre-oxidized nitriding increases the probability and adsorption capacity of active N atoms on the surface of the sample, and enhances the nitrogen absorption capacity of the sample surface [175]. Moreover, a high concentration gradient is established on the surface of the sample at the initial stage of nitriding, which improves the diffusion activation energy of N atoms in the sample.



Wang [176] carried out surface pre-oxidized nitriding on the surface of 40Cr steel and found that the thickness of the nitrided layer increased. The hardness and wear resistance were also improved. A nitrided layer with a thickness of 24–39 μm is formed on the surface of the conventional nitriding sample, and the nitrided layer is mainly a white layer. The thickness of the nitrided layer on the surface of the pre-oxidized nitriding sample increases to 100–140 μm, and the nitrided layer is composed of a white layer and a gray layer. The nitrided layer is mainly composed of ε-Fe3N and γ′-Fe4N phases. The white, light layer part is mainly ε phase, and the gray layer part is γ′ phase [53]. In the wear test, compared with the conventional nitriding samples, the wear loss of the nitrided layer of the surface pre-oxidized nitriding samples is less. It can be concluded that as the thickness of the nitrided layer increases after pre-oxidation, the friction coefficient of the sample surface decreases, indicating that pre-oxidized nitriding improves the initial wear resistance of the sample surface.



In summary, the surface pre-oxidation treatment process has a significant catalytic effect on nitriding. The compound layer on the surface of the workpiece after surface pre-oxidation treatment is thicker than that of the conventional nitriding workpiece, and the thickness of the effective diffusion layer is significantly increased. After surface pre-oxidation, a large number of uniformly distributed nano-scale oxide particles are formed on the surface of the material, accompanied by microcracks and holes. And the surface free energy is the largest. These surface features are conducive to the adsorption of nitrogen and further diffusion to the substrate, thereby effectively increasing the nitriding rate. The microstructure of the nitrided layer on the surface of the surface pre-oxidized sample is mainly composed of ε-Fe3N and γ′-Fe4N phases. The white, light layer part is mainly ε phase, and the gray layer part is γ′ phase [53,88]. As the thickness of the nitrided layer increases after pre-oxidation, the friction coefficient of the sample surface tends to decrease, and the surface pre-oxidation improves the initial wear resistance of the sample surface.



However, the surface pre-oxidized nitriding has the following problems: (1) The surface corrosion resistance of the sample after pre-oxidation treatment cannot be completely improved, and it is easy to cause the decline of the surface corrosion resistance under some pre-oxidation processes. (2) The surface pre-oxidized nitriding is first the reduction process of the oxide layer on the surface of the workpiece. The nitriding can only be carried out after the oxide layer has been completely reduced. Nitriding total time = oxide layer reduction time + nitriding time. For the same pre-oxidation process, the reduction time of the oxide layer is certain. Therefore, reasonable control of the proportion of oxide layer reduction time in the entire process is the key to improving nitriding efficiency.




3.4.3. Effect of Surface Pre-Oxidation on Nitriding Efficiency


The effects of surface pre-oxidation on nitriding efficiency are compared and analyzed from the four aspects of the nitriding time, nitriding temperature, structure of the nitrided layer, and hardness of the nitrided layer. As shown in Figure 16, the efficiency comparison histogram of surface pre-oxidized nitriding and conventional gas nitriding is obtained after taking the average value according to the literature summary.



(1) Nitriding time: Surface pre-oxidation can shorten the nitriding time to 45%. The effect of surface pre-oxidation treatment on nitriding time mainly depends on factors such as material type, pre-oxidation conditions, and nitriding conditions. Taking titanium alloy as an example, the pre-oxidation treatment can shorten the nitriding time and improve the quality of the nitrided layer. Studies have shown that at 800 °C, titanium alloys pre-oxidized for 5 h can form a complete nitrided layer when the nitriding time is 5 h. However, titanium alloys without pre-oxidation treatment require more than 15 h of nitriding time to form a complete nitrided layer [177,178]. This indicates that pre-oxidation treatment can significantly shorten the nitriding time. Therefore, surface pre-oxidation can shorten the nitriding time of gas nitriding and improve production efficiency.



(2) Nitriding temperature: Surface pre-oxidation can reduce the nitriding temperature to 90%. The impact of surface pre-oxidation on nitriding temperature is mainly achieved by affecting the formation temperature and growth rate of the nitrided layer. Taking stainless steel as an example, oxidized stainless steel can form a dense and uniform nitrided layer at a lower temperature. For example, with ammonia gas as the nitriding source, at 540 °C, a dense Fe4N layer can be formed on the surface of pre-oxidized stainless steel. However, stainless steel that has not been oxidized needs to be nitrided at a high temperature above 600 °C to form a similar nitrided layer [179,180]. Therefore, surface pre-oxidation can reduce the nitriding temperature, promote the formation of nitrided layer and improve its performance.



(3) Nitrided layer structure: Surface pre-oxidation can obtain better nitrided layer structure, with grain refinement to 85%. Surface pre-oxidation can reduce the number of holes and cracks in the nitrided layer and improve the compactness and smoothness of the nitrided layer, thereby improving the corrosion resistance, wear resistance, and fatigue life of the nitrided layer. For example, a study showed that plasma nitriding after pre-oxidation on the surface of stainless steel resulted in a denser and more uniform nitrided layer than pure nitriding. This improves the corrosion resistance, hardness, and wear properties of stainless steel [178]. Surface pre-oxidation can also affect the chemical composition and crystal structure of the nitrided layer. For example, studies have shown that nitriding after surface pre-oxidation can significantly reduce the nitrogen content in the nitrided layer while increasing the nitride grain size and solid solution element content in the nitrided layer, thus affecting the nitrided layer crystal structure and mechanical properties [181]. Therefore, surface pre-oxidation can improve the structure of nitrided layer and obtain a denser layer.



(4) Nitrided layer hardness: Surface pre-oxidation can increase the hardness of nitrided layer to 120%. Studies have shown that the hardness after surface pre-oxidized nitriding can be increased by about 20–50% compared with traditional nitriding [182]. Surface pre-oxidation can also promote the uniform distribution of nitrogen, avoid the solid solubility limit of nitrogen in the nitriding process, and further improve the hardness and wear resistance of the nitrided layer [183]. Therefore, the nitrided layer with higher hardness can be obtained by surface pre-oxidation.





3.5. Surface Laser Treatment


3.5.1. Accelerating Nitriding Mechanism of Surface Laser Treatment


Figure 17 shows the mechanism of surface laser treatment catalytic nitriding. Surface laser treatment concentrates the energy of the laser beam on the surface of the material to increase the temperature and cool it rapidly to form a certain depth of melting zone and heat-affected zone, thereby improving the surface properties of the material, such as wear resistance, corrosion resistance, and mechanical fatigue life [48]. In the process of surface laser treatment, the selection of parameters such as laser beam power, scanning speed, and scanning line distance can affect the depth and shape of the nitrided layer, thereby controlling the properties of the treated material. The main mechanism includes the following aspects [48,49,50]:



Surface melting: When the laser beam concentrates its energy on the surface of the material, it creates a localized area of high temperature that melts the surface material. During the melting process, the oxides and impurities in the material are reduced and volatilized so that the surface of the material is purified and the purity is improved. Surface melting can promote the diffusion of nitrogen atoms and increase the nitriding rate. It can also improve the density and uniformity of the nitrided layer.



Rapid cooling: Under the effect of the laser beam, the molten material on the surface will rapidly cool and solidify, forming a certain depth of melting zone and heat-affected zone. Rapid cooling can lead to refinement and deformation of the lattice structure, which changes the physical properties of the material. Rapid cooling can effectively improve the hardness and wear resistance of the nitrided layer. However, if the cooling rate is too fast, it may cause cracks and brittleness in the nitrided layer.



Residual Stress: Residual stress is due to temperature gradients caused by the rapid heating and cooling of the surface during laser processing. After laser treatment, there is residual stress between the nitrided layer formed on the surface and the substrate, which can improve the hardness and wear resistance of the nitrided layer. But, it may also cause peeling and cracking of the nitrided layer.



Spoilage reaction: Under the effect of the laser beam, chemical reactions may occur on the surface of the material, such as carbonization and nitriding, thereby changing the chemical composition of the material and improving the hardness and wear resistance. The spoilage reaction refers to the process in which nitrogen atoms diffuse into the substrate to form a solid solution or a metastable phase during laser processing. The modification reaction can increase the strength and toughness of the substrate, but it may also reduce the hardness and wear resistance of the nitrided layer.



During laser processing, fast heating and cooling rates will lead to the formation of a large number of defects such as dislocations, twins, and vacancies in the nitrided layer. This significantly speeds up the kinetic process of diffusion, lowers the energy barrier for nitride nucleation, and promotes the formation of nitrides [184,185]. Therefore, compared with other conventional methods, the surface laser treatment has unique advantages, such as fast speed, a small heat-affected zone, and avoiding unnecessary heating of the substrate. It also enables precise spatial and lateral processing of metal surfaces and adapts to materials with complex surface shapes [186]. The introduction of this surface laser treatment can significantly improve the surface hardness of the nitrided layer and optimize the hardness gradient distribution of the nitrided layer.




3.5.2. Effect of Surface Laser Treatment on Nitriding Behavior


Surface laser treatment has been widely used in surface modification of materials and preparation of penetrants. In terms of gas nitriding, surface laser treatment also significantly affects nitriding behavior, which is mainly reflected in the following three aspects [48,107]: (1) Adjustment of the surface microstructure of the material and improvement of the surface reactivity and surface energy, thereby promoting the nitriding reaction; (2) changing the composition and chemical state of the penetrant, thereby changing the stoichiometry of nitride formation; and (3) controlling nitride deposition location and morphology by adjusting surface structure and energy distribution.



Kulka et al. [27] found that surface laser treatment optimized the microstructure of the nitrided layer on the surface of the substrate material 42CrMo4 steel, improving wear resistance and hardness. As shown in Figure 18, a porous ε phase appeared on the surface of the sample, and a dense nitrided layer with (ε + γ′) phase appeared below this region after surface laser treatment. The appearance of the γ′ phase is mainly due to its precipitation from the ε nitrides during cooling. The entire surface compound layer is composed of white compound area and diffusion area, in which the diffusion area is composed of nitrate sorbite containing γ′ nitride precipitates and a small part of martensite. The appearance of martensite improves the wear resistance and hardness of the sample.



Yan et al. [185] studied the effect of conventional gas nitriding (GN) and surface laser treatment (including laser surface melting and laser surface hardening) on the microstructure and properties of P20 steel. Figure 18 shows the microstructure of the upper surface area of all specimen cross-sections. As shown in Figure 18a, the microstructure of the original sample (OS) without gas nitriding treatment is mainly composed of coarse bainite. As shown in Figure 18b, the initial microstructure of the sample after conventional gas nitriding is still mainly composed of coarse bainite. As shown in Figure 18c,d, the coarse-grained martensite in the laser surface melting (LSM) sample has a larger aspect ratio compared with the laser surface hardening (LSH) sample. This is because the coarse columnar austenite grains in the LSM specimens are formed during the solidification of the surface melt layer, which facilitates the growth of martensite in the lateral direction. For the LSM sample, the denitrification effect of the molten metal reduces the nitrogen content of the surface layer, and the holes formed at the bottom of the molten layer destroy the continuity of the sample material and reduce the cooling rate of the surface material. Therefore, coarse-grained martensite is still formed on the surface of the LSM sample [187].



Surface laser treatment improves the hardness and wear resistance of the nitrided layer. This is due to the solid solution strengthening and Hall–Petch strengthening caused by the formation of martensite on the surface, which enhances the lattice deformation of α-Fe. It is beneficial for surface properties [188]. In addition, compared with conventional gas nitriding, the martensite grain size formed on the surface after surface laser treatment is smaller. Microstructure refinement also plays an important role in the improvement of surface hardness.



Zong et al. [189] carried out surface laser treatment catalytic nitriding on commercial pure titanium TA2 alloy and systematically analyzed the evolution mechanism of the nitrided layer by means of finite-element thermal field simulation and microstructure characterization. It was found that surface laser treatment increased the rate of formation of the nitrided layer. The microstructure of the nitrided layer formed TiN phase, α-Ti(N) phase, and (α + α′) phase sequentially from the surface to the center.



During the laser heating stage, the stable TiN phase and α-Ti(N) phase are formed with the increase in nitrogen solid solution. During the cooling phase, the α′ phase (nitrogen-containing martensite) is formed ahead of the surrounding α phase. After laser surface nitriding treatment, since the N content gradually decreases from the substrate surface to the interior of the alloy, the α′ martensite lath formed near the substrate surface is fine, while the α′ martensite lath formed near the alloy interior is thick. And, it also has directional growth characteristics.



Zhang et al. [190] found that the surface hardness of TC4 alloy can reach 800 HV after surface laser treatment catalytic nitriding. Increasing the laser power increases the area of the melting zone, increases the number of TiN dendrites formed in the nitriding area on the surface of the TC4 alloy, and increases the thickness of the nitrided layer of the TiN layer.



In summary, the surface laser treatment can significantly improve the hardness and wear resistance of the nitrided layer. After the surface laser treatment, the deformation of the metal substrate is small, and the metallurgical bonding strength with the nitrided layer is high. The preparation cycle is short, the size of the workpiece is not limited, and the material can be processed locally flexibly, with no pollution and no contact. The structure of the surface modification layer is controllable, and the excellent nitriding process is realized. However, the surface laser treatment has the following problems: (1) In the surface laser treatment catalytic nitriding process, the irradiation power density and scanning speed of the high-energy laser beam affect the performance of the nitrided layer. The greater the irradiation power density and scanning speed, the better the performance of the nitrided layer. But, in this case the energy loss is higher. (2) Although the nitriding process of surface laser treatment has been studied, the basic mechanism of the nitriding process, such as the migration of nitrogen outside the metal surface and the chemically active state of nitrogen gas, is still unclear due to the complexity and short time of the nitriding process.




3.5.3. Effect of Surface Laser Treatment on Nitriding Efficiency


The effects of surface laser treatment on nitriding efficiency are compared and analyzed from the four aspects of the nitriding time, nitriding temperature, nitrided layer structure, and nitrided layer hardness. As shown in Figure 19, the efficiency comparison histogram of surface laser treatment catalytic nitriding and conventional gas nitriding is obtained after taking the average value according to the literature summary.



(1) Nitriding time: Surface laser treatment can shorten the nitriding time to 10%. Some studies have shown that using surface laser treatment method, nitriding in a shorter time (2 h) can form a nitrided layer with high hardness and excellent wear resistance [191]. Therefore, surface laser treatment can carry out gas nitriding in a short time and obtain a thinner but more uniform nitrided layer, shorten the nitriding time, and improve the production efficiency.



(2) Nitriding temperature: Surface laser treatment can reduce the nitriding temperature to 72%. Using surface laser treatment catalytic nitriding at lower temperature (400 °C), smaller grain size and higher hardness can be obtained [192]. Temperature also affects the grain growth and precipitate formation in the nitrided layer, thereby affecting the structure and properties of the nitrided layer [193]. Therefore, surface laser treatment can reduce the nitriding temperature, promote the formation of the nitrided layer, and improve its performance.



(3) Nitrided layer structure: Surface laser treatment can improve the structure of the nitrided layer, and the grains are refined to 85%. Surface laser treatment can promote the occurrence of nitriding reaction and improve the density and uniformity of the nitrided layer. Some studies have shown that surface laser treatment can inhibit the formation of pores and cracks in the nitrided layer and form a finer grain structure, improving the wear resistance and toughness of the nitrided layer [194]. Laser treatment can also change the type and number of precipitates in the nitrided layer, thereby adjusting the mechanical properties and chemical stability of the nitrided layer [195]. Therefore, surface laser treatment can improve the nitrided layer structure and obtain a denser layer.



(4) Nitrided layer hardness: Surface laser treatment can increase the hardness of the nitrided layer up to 150%. Some studies have shown that surface laser treatment can significantly increase the thickness and hardness of the nitrided layer and form a more uniform nitrided layer structure [196]. Surface laser treatment can also promote the formation of precipitates in the nitrided layer, which further increases hardness and wear resistance [197]. When the nitriding temperature is increased from 500 °C to 560 °C, the surface hardness increases by about 55%. However, when the nitriding time was increased from 4 h to 10 h, the surface hardness increased by about 50%. Therefore, higher hardness of the nitrided layer can be obtained by surface laser treatment.






4. Comparison of Technical Economy and Technology Readiness Level of Various Infiltration Methods


4.1. Technical Economy


Table 2 lists the comparison of energy consumption, cost, and CO2 emission of different gas nitriding processes. In order to ensure the reliability and accuracy of the data, those studies with high factors, such as reliable data sources, abundant experimental data, reasonable experimental conditions, and sufficient sample size, were selected as references. The data in the table are obtained by calculation. The formulas for calculating energy consumption, cost, and CO2 emissions are explained in detail below:



(1) Energy consumption calculation formula [198].


Energy consumption = Total power of nitriding equipment × Nitriding time.








where the total power of nitriding equipment includes heating power, nitrogen flow power, and ammonia flow power. When calculating, the power and time are calculated according to the reactor size, heating method, temperature, gas flow, and other parameters of different processes. The calculation is converted to the standard unit, the kilowatt-hour (kWh).



(2) Cost Calculation Formula [199].



Cost calculation includes investment cost and operating cost. Total cost = CAPEX + OPEX.



Investment cost refers to the cost of building a new factory or updating equipment, including equipment procurement, construction costs, transportation costs, etc. Adopt the index CAPEX (capital expenditure) calculation method. CAPEX = construction cost/equipment capacity. Operating costs refer to daily operating costs, including electricity, gas, maintenance, etc. Adopt the index OPEX (operating expenditure) calculation method. OPEX = operating expenses/production capacity.



Calculate CAPEX and OPEX according to the reactor size, heating method, temperature, gas flow, and other parameters of different processes. Convert the calculation result to the standard unit, the United States dollar (USD). The unit price and quantity of equipment refer to relevant literature and market conditions, and the annual operating time and cost are also obtained through literature and market research.



(3) CO2 Emission Calculation Formula [200].



CO2 emission = energy consumption of nitriding equipment × CO2 emission coefficient. Nitriding equipment energy consumption refers to the energy consumed by the equipment during operation, such as electricity, natural gas, etc. The CO2 emission coefficient refers to the CO2 emission produced by unit energy consumption, and its value depends on the type of energy. CO2 emissions refer to the amount of carbon dioxide produced in the process; we use the carbon footprint calculation method. That is, CO2 emissions = energy consumption × carbon dioxide emission factor. We refer to the carbon dioxide emission factor published by the International Energy Agency (IEA) and convert the calculation result into a standard unit, the kilogram (kg).



For the calculation of the values in the tables, average values have been assumed where there are ranges and numerical differences in various documents. References are cited for each value reported. No references were collected from the references mentioned in the last column of the table against their values. We emphasize that the numerical values reported here are indicative and wish readers to exercise caution when considering their application. In addition, readers are advised to develop their own methods based on the data presented here and the references cited. Here are some thoughts we made based on the data in the table:



The first is energy consumption. In the process of gas nitriding, a large amount of energy is consumed. Among them, gas nitriding (optimization of process parameters) under high-temperature and high-pressure conditions requires a large amount of electric energy or fuel, which is currently one of the most common gas nitriding methods. For example, in industrial production, it is usually necessary to use high-temperature and high-pressure ammonia gas for nitriding, which consumes a large amount of electric energy or fuel. Using other methods can significantly reduce energy consumption. The energy consumption of surface laser treatment is the lowest [17]. This is because surface laser treatment has the characteristics of short action time and obvious effect. This will greatly reduce the time and temperature required for nitriding, thereby reducing the energy consumption.



The second is carbon dioxide emissions. High energy consumption means high CO2 emissions. Therefore, carbon dioxide emissions are directly proportional to energy consumption. From this perspective, energy-intensive optimization of process parameters and surface mechanical nano-crystallization may lead to higher CO2 emissions. Therefore, for some environmentally friendly enterprises, these methods may not be the first choice. The energy consumption of surface pre-oxidation and surface laser treatment is relatively low, so their CO2 emissions are also relatively low. It should be pointed out that the CO2 emissions may vary depending on the application scenarios and actual operation methods.



For example, during the operation of process parameter optimization and surface mechanical nano-crystallization, it may be possible to choose to use some environmentally friendly energy sources to reduce carbon dioxide emissions [120,201]. Therefore, when conducting technical economy analysis, it is necessary to conduct detailed analysis of specific operation methods and application scenarios, and to conduct accurate calculation and evaluation of emissions.



Finally, there is the cost. The total cost is composed of investment cost and operating cost. The investment cost is the cost of purchasing, installing, and debugging equipment during the nitriding process and also includes the cost of labor, training, and qualification certification. Operating costs are the costs of maintaining and operating equipment during the nitriding process, including energy, materials, maintenance, labor, and other management costs [202]. It can be seen from the table that surface-active catalytic nitriding, surface pre-oxidized nitriding, and surface laser treatment require relatively high investment costs. The investment costs for process parameter optimization and surface mechanical nano-crystallization are relatively low. This is due to the limitations of the current technical level, the equipment required for surface pre-oxidized nitriding and surface laser treatment is relatively high-end, and the operation and maintenance of equipment also require high-end talents. In comparison, less equipment is required for process parameter optimization and surface mechanical nano-crystallization. Because of its relatively mature technology, it requires less investment [203].





 





Table 2. Comparison of energy consumption, cost, and CO2 emission of different gas nitriding processes.






Table 2. Comparison of energy consumption, cost, and CO2 emission of different gas nitriding processes.





	Type
	Energy Consumption (kWh/kg)
	CO2 Emissions (kg)
	Indicative CAPEX (USD/year)
	Indicative OPEX (USD/year)
	Ref.





	Conventional gas nitriding
	35–45
	6.5–7.5
	300–350
	40–45
	[34,48,107,137]



	Process parameter optimization
	45–50
	7.5–8.0
	250–300
	30–35
	[22,71,98,100]



	Surface mechanical nano-crystallization
	15–20
	4.5–5.5
	450–500
	55–60
	[32,41,96,102]



	Surface-active catalytic nitriding
	12–15
	3.5–4.5
	750–800
	70–75
	[53,62,64,158]



	Surface pre-oxidation
	10–12
	3–4
	850–900
	90–95
	[75,127,169,180]



	Surface laser treatment
	8–10
	2.5–3.5
	1100–1150
	100–105
	[24,184,195,196]









4.2. Technology Readiness Level


TRL is a technology readiness-level assessment method proposed by the National Aeronautics and Space Administration (NASA) in the 1980s, which is used to describe the evolution process of a technology from laboratory research to practical application [204].



As shown in Table 3, the TRL rating system is usually divided into nine grades. The TRL scale is primarily aimed at the development and testing of engineered components, from Level 1 (initial generation of an idea) to Level 9 (daily use of the component in the operating environment for which it was designed). Levels 1 to 3 are generally referred to as basic research (proof of concept). Levels 4 to 6 are the development of components under increasingly realistic conditions (proof of principle). Levels 7 to 9 are components fully deployed in their designed (proof of performance) system through operational testing [205].



This article refers to a large number of studies and patents, mainly related to the research and practical experience of different gas nitriding processes and also combined with relevant industry standards and technical guidelines [208,209,210,211,212,213,214,215,216]. Table 4 presents the technology readiness level, reference project status, and CO2 emission reduction potential of different gas nitriding processes.



According to the research and development stage, application field, and market acceptance of different processes, the TRL analysis of the five gas nitriding pretreatment methods, namely process parameter optimization, surface mechanical nano-crystallization, surface-active catalytic nitriding, surface pre-oxidized nitriding, and surface laser treatment, was carried out. The CO2 emission reduction potential of different nitriding processes was analyzed from the aspects of energy saving, emission reduction, resource utilization, and environmental protection. The commercial application scoring criteria are the commercial application prospects and market competitiveness of different nitriding processes, including market size, competition status, industry trends, etc. It should be noted that the scoring standards and evaluation methods are only for reference, and comprehensive consideration and trade-offs need to be made in combination with specific situations in actual application. Different process schemes may have different advantages and disadvantages in different application scenarios, which need to be selected and adjusted according to the actual situation.



Combined with the data in the table, we analyze the TRL of the five methods one by one [205,209]:



Process parameter optimization: This method has a high TRL and has been widely used in industrial production. This method does not need to develop new equipment or processes but only needs to optimize existing equipment and processes, so the technology readiness level is relatively high.



Surface mechanical nano-crystallization: This method has a high TRL. It has been extensively studied and applied in actual production. With the continuous development of nano-technology, this method will be more widely used.



Surface-active catalytic nitriding: The TRL of this method is low and requires further research and development. Although some studies have shown that the addition of penetrants can improve the nitriding efficiency and the quality of the nitrided layer, further research is needed on the selection of penetrants, the amount of addition, and the mechanism.



Surface pre-oxidized nitriding: The TRL of this method is low and requires further research and development. Although some studies have shown that pre-oxidation can improve the nitriding efficiency and the quality of the nitrided layer, further research is needed on the thickness, composition, and influence of the oxidized layer on the properties of the material.



Surface laser treatment: This method has a low TRL and requires further research and development. Although some studies have shown that laser treatment can quickly obtain a high-quality nitrided layer, further research is needed on the mechanism of laser treatment, the stability and reliability of the equipment, and so on.



From the perspective of TRL, the technology readiness level of process parameter optimization and surface mechanical nano-crystallization is relatively high. The technology readiness level of surface-active catalytic nitriding, surface pre-oxidized nitriding, and surface laser treatment is relatively low, and further research and development are needed.





5. Conclusions and Future Work


As the global demand for renewable energy increases, the development of the wind power industry will continue to expand, and gas nitriding will become an integral part of the wind power industry. However, the treatment temperature of traditional gas nitriding is high, and the nitriding rate is slow, which is not in line with the current concept of double carbon development. Based on this, this review analyzes the research progress of conventional gas nitriding and summarizes the effect of catalytic methods on the behavior and efficiency of gas nitriding. Common gas nitriding and accelerating methods include optimizing process parameters (pressure and temperature), surface mechanical nano-crystallization, surface-active catalytic nitriding, surface pre-oxidized nitriding, and surface laser treatment.



Optimizing process parameters is one of the most commonly used methods in gas nitriding. By adjusting the pressure and temperature of gas nitriding, the nitriding depth and nitriding rate can be controlled. However, optimizing process parameters requires precise control of temperature and pressure and may result in surface oxidation or chemical reactions that reduce the efficiency.



Surface mechanical nano-crystallization is another common accelerating method, which can improve the efficiency of gas nitriding by reducing the surface roughness. This method can increase the nitriding depth and nitriding rate without changing the chemical composition of the sample but requires the use of complex nano-fabrication techniques and may affect the mechanical properties of the sample.



Surface-active catalytic nitriding is a method of accelerating gas nitriding using surface-active penetrants. By coating the surface of the part with a penetrant, the nitriding temperature can be lowered and the nitriding rate and depth can be increased. However, penetrants may cause surface chemical reactions or degrade the mechanical properties of the part.



Surface pre-oxidation is a method of surface oxidation treatment before gas nitriding. It reduces the occurrence of surface chemical reactions and increases the efficiency of gas permeation. However, surface pre-oxidation requires the use of special oxidation treatments and may lead to peeling or destruction of the oxide layer.



Surface laser treatment changes the chemical and physical properties of the surface by laser irradiation, thereby improving the efficiency of gas penetration. This method can increase the nitriding depth and rate without changing the chemical composition of the sample but requires the use of high-power lasers and may affect the mechanical properties of the sample.



In addition, these methods also have different defects in terms of energy consumption, carbon dioxide emissions, and technical maturity. In terms of energy consumption, the gas nitriding process requires a large amount of energy. For example, gas nitriding under the conditions of high temperature and high pressure requires a lot of electricity or fuel. Therefore, it is necessary to explore gas nitriding penetrants and catalytic methods with low energy consumption. In terms of CO2 emissions, high energy consumption means high CO2 emissions. Therefore, it is necessary to develop a gas nitriding method with low energy consumption and low carbon dioxide emission to reduce the impact on the environment. In terms of technology readiness level, different methods have different degrees. For example, optimizing process parameters is one of the most commonly used gas nitriding methods, and the technology readiness level is relatively high. However, methods such as surface mechanical nano-crystallization and surface laser treatment are relatively new and require more experimental verification and optimization. Therefore, it is necessary to comprehensively consider factors such as energy consumption, carbon dioxide emissions, and technology readiness level when selecting a gas nitriding and accelerating method and to strive to develop a more environmentally friendly, low-energy gas nitriding method.



Aiming at these problems, it may be a good solution to use multiple techniques for collaborative preprocessing. By combining different pretreatment methods, their advantages can be maximized, thereby improving the efficiency and environmental protection of gas nitriding. This also needs to be formulated according to the specific situation to ensure the maximization of comprehensive benefits. For example, the method of synergistic pretreatment of surface mechanical nano-crystallization and surface-active catalytic nitriding can be considered. Surface mechanical nano-crystallization can improve the surface quality and micro-morphology through micro-grinding or impact treatment, thereby improving the efficiency of gas nitriding. Surface-active catalytic nitriding can increase the reaction rate by introducing a penetrant on the surface or adding a penetrant during the gas nitriding process, thereby further improving the efficiency of gas nitriding. This method can simultaneously solve the problems of surface quality and reaction rate, thereby improving the comprehensive benefits of gas nitriding. In addition, the method of synergistic pretreatment of surface mechanical nano-crystallization and surface pre-oxidation can also be considered. Surface pre-oxidized nitriding can improve the quality and thickness of the surface oxide layer through oxidation treatment, thereby increasing the reaction sites of gas nitriding and increasing the reaction rate. This method can solve the problem of surface quality and reaction sites to improve the efficiency of gas nitriding. It should be noted that for different materials and application scenarios, different preprocessing methods may produce different effects. When selecting and combining pretreatment methods, it is necessary to consider the characteristics of the material and the specific application requirements to develop the best solution.



In summary, different gas nitriding methods have their advantages and disadvantages. Choosing an appropriate method requires comprehensive consideration of component materials, surface topography, and nitriding depth. Using the synergistic effect of multiple pretreatment methods can improve the efficiency and reliability of gas nitriding. It is of great value and significance for industry development, double carbon implementation, and green and sustainable development. It is one of the important directions for the development of gas nitriding technology in the future.
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Figure 1. Application of accelerating gas nitriding in wind power field: (1) process parameter optimization, (2) Surface Mechanical Nano-Crystallization, (3) surface-active catalytic nitriding, (4) surface pre-oxidized nitriding, and (5) surface laser treatment. 
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Figure 2. Interface reaction process of gas nitriding. 
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Figure 3. Phase diagram of Fe-N binary alloy. 
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Figure 4. (a) Lehrer Fe−N equilibrium phase diagram and (b) the relationship between ammonia decomposition nitrogen production and ammonia content in the furnace atmosphere and the flow rate of ammonia gas flowing into the furnace. 
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Figure 5. (a) Simplified diagram of pressurized gas nitriding equipment. (b) Schematic diagram of gas-blown induction heating (GBIH) nitriding plant. 
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Figure 6. Histogram of efficiency comparison between parameter-optimized gas nitriding and conventional gas nitriding. 
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Figure 7. Grain refinement mechanism diagram of surface mechanical nano-crystallization. 
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Figure 8. (a) A schematic diagram of the mechanism of the effect of surface mechanical nano-crystallization on gas nitriding behavior. (b) Cross-sectional micromorphology of the original coarse-grained iron sample after nitriding at 300 °C for 9 h. (c) Cross-sectional micromorphology of SMAT nitriding sample after nitriding at 300 °C for 9 h. (d) Nitrogen concentration, Original coarse-grained iron sample (dotted line), SMAT nitriding sample (solid line). (e) Microhardness, Original coarse-grained iron sample (dashed line), SMAT nitrided sample (solid line) [107]. Adapted with permission from [107], copyright 2003 AAAS. 
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Figure 9. Histogram of efficiency comparison between surface mechanical nano-crystallization gas nitriding and conventional gas nitriding. 
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Figure 10. (a) Depth profiles of N and O after uncoated Fe and Fe covered with different thicknesses of Ni coating after nitriding in pure NH3 at 325 °C for 45 min, (b) 6 nm, (c) 25 nm, (d) 45 nm [146]. Adapted with permission from [146], copyright 1997 American Institute of Physics. 
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Figure 11. (a,b): Cross-sectional microstructure of samples treated by different processes for 42CrMo steel, (c) X-ray diffraction patterns of samples treated by different processes for 42CrMo steel, (d) cross-sectional microhardness profile of samples treated by different processes for 42CrMo steel [147]. Adapted with permission from [147], Copyright 2020 Elsevier. 
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Figure 12. Mechanism of LaFeO3 catalytic coating [75]. Adapted with permission from [75]; Copyright 2019 Elsevier. 
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Figure 13. (a) Mechanism of ABO3 oxide catalytic nitriding. (b) Distortion of rare-earth atoms infiltrated into Fe lattice. 
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Figure 14. Histogram of efficiency comparison between surface-active catalytic nitriding and conventional gas nitriding. 
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Figure 15. Schematic diagram of the mechanism of surface pre-oxidation catalytic nitriding [166]. Adapted with permission from [166], copyright 2019 Elsevier. 
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Figure 16. Histogram of efficiency comparison between surface pre-oxidized nitriding and conventional gas nitriding. 
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Figure 17. Schematic diagram of the mechanism of surface laser treatment catalytic nitriding. 
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Figure 18. Microstructure of nitrided layer on the surface of 42CrMo4 steel [27]. (a,b) OM image. (c) SEM image: 1a, ε phase region; 1b, ε + γ′ phase region; 2, diffusion zone. Microstructure of the upper surface area of the cross-section of the P20 steel sample [185]. (d) OS sample, (e) GN sample, (f) LSH sample, (g) LSM sample. Adapted with permission from [27], copyright 2016 by Elsevier. Adapted with permission from [185], copyright 2020 by Elsevier. 
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Figure 19. Histogram of efficiency comparison between surface laser treatment catalytic nitriding and conventional gas nitriding. 
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Table 1. Common rare-earth-catalyst processes and penetrants.
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	Process
	Penetrant
	Activator
	Filler
	Rare Earth





	Monopermeable rare earth [152]
	-
	NH4Cl, KCl
	Al2O3
	Mixed ReCl, rare-earth metal nuggets (powder)



	Rare-earth carburizing (Gas) [153]
	Kerosene or natural gas
	-
	Methanol
	ReCl, ReO, rare-earth powder



	Rare-earth nitriding (Gas) [154]
	Ammonia
	-
	Methanol
	ReCl



	Rare-earth boronizing [155]
	B4C, ferroboron
	Al
	SiC
	ReCl, ReO, rare-earth powder



	Rare-earth vanadium [156]
	V2O5
	Al, Si
	SiC
	Misch metal



	Rare-earth carbonitriding [157]
	Carburization
	Fluoride
	Methanol
	ReCl










 





Table 3. Summary of TRL definition for gas nitriding process (adapted from ref. [205,206,207].






Table 3. Summary of TRL definition for gas nitriding process (adapted from ref. [205,206,207].





	TRL
	Function
	Definition





	1–2
	Proof of concept
	Basic research is carried out in the laboratory, and further experimental verification and improvement are still needed.



	3–4
	-
	Technical verification and prototype development are carried out in the laboratory, and further engineering verification is still required.



	5–6
	Proof of principle
	Engineering verification and field demonstrations in laboratories and factories have reached a certain level of maturity, but further expansion and improvement are still needed.



	7–8
	-
	Large-scale application and verification in the actual production environment has achieved practical application results.



	9
	Proof of performance
	It has been widely used and achieved commercial success.










 





Table 4. Technology readiness level, reference project status, and CO2 mitigation potential of different gas nitriding process (adapted from refs. [208,209,210,211,212,213,214,215,216]).
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	Process
	Technology Readiness Level
	Reference Project Status and R&D
	CO2 Emission Reduction Potential
	Commercial Application
	Ref.





	Conventional gas nitriding
	8
	-
	5
	8
	[192,210]



	Process parameter optimization
	7
	-
	3
	7
	[211,212]



	Surface mechanical nano-crystallization
	6
	Researchers at the KTH Royal Institute of Technology in Stockholm, Sweden, are investigating the use of nano-processing to improve the nitriding process.
	6
	5
	[213,214]



	Surface-active catalytic nitriding
	5
	Researchers at the University of Duisburg-Essen in Germany are studying the use of transition metals, such as molybdenum, tungsten, and chromium, as catalysts to promote nitriding reactions.
	7
	4
	[131,213]



	Surface pre-oxidized nitriding
	5
	Researchers at the University of Surrey in the UK are investigating the use of oxidation pretreatments to improve the nitriding process.
	4
	3
	[181,215]



	Surface laser treatment
	3
	Researchers at the Swiss Federal Institute of Technology in Zurich are investigating the use of laser processing to improve the nitriding process.
	8
	2
	[103,216]
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