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Abstract

:

While gas nitriding of steel is currently used in industry, nitriding of aluminum alloys remains an open challenge. The main obstacle is aluminum’s high susceptibility to passivation. The oxide film provides an effective barrier to nitrogen diffusion. Attempts to overcome this problem have mainly focused on glow discharge nitriding using cathode sputtering of an oxide layer. The produced AlN layers exhibit no diffusion zone and show limited performance properties. In this work, the effect of hybrid treatment aimed at producing diffusion layers of nitrides other than AlN on aluminum alloys was investigated on the model system of iron nitride–aluminum substrate. Hybrid treatment combines an electrochemical process involving the removal of the aluminum oxide layer from the substrate, its subsequent iron plating, and a further gas nitriding in high-purity ammonia. The obtained results prove that the hybrid treatment allows the production, at 530 °C/10 h, of diffusion layers of Fe3N iron nitrides on aluminum substrates with a nitrogen diffusion zone range in aluminum of ca. 12 µm. In alloys containing magnesium, its unfavorable effect on the nitrogen diffusion and the functional properties of the layers was observed. An interesting direction for further research is hybrid treatment of precipitation-hardened alloys without magnesium.
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1. Introduction


While gas nitriding technology of various steel grades is widely used in industry for surface treatment of machine parts and tools, as it increases their functional properties and durability, its use for products made of aluminum and its alloys remains an open challenge. Although aluminum nitride (AlN) formed during the nitriding process has a number of interesting properties such as hardness of approximately 1530 HV, melting point of 2572 K, modulus of elasticity of 400 GPa, and thermal conductivity of 320 Wm−1K−1 [1], the production of AlN surface layers on aluminum alloys in practice encounters a number of obstacles that have not yet been definitively overcome. Meanwhile, the development of an effective, accessible and possibly universal method of nitriding aluminum alloys to improve the functional properties of their surfaces would open up new, broad perspectives for the use of these alloys in previously unavailable applications. They could be used for tribologically exposed elements which operate in conditions requiring high surface hardness and wear resistance.



The need for appropriate solutions for surface engineering methods of aluminum alloys is even more topical due to the constantly growing demand for light alloys in modern technology, dictated by practical, technical, economic, and ecological reasons. Ecological considerations are a particular motivation, as the stake is to reduce fuel and energy consumption and therefore CO2 emissions to the atmosphere by reducing the weight of vehicles and moving parts of machines and devices.



1.1. Aluminum Nitriding—State of the Art


The main obstacle affecting the possibility of producing aluminum nitride layers is the natural high tendency of aluminum for passivation, resulting in the presence of a thin layer of aluminum oxide, Al2O3, which constitutes an effective barrier to diffusion processes, and in particular the diffusion of nitrogen into the substrate. Thermochemical treatments which are effective when removing oxide passive film from steel (e.g., reduction of the oxide with hydrogen, thermal decomposition, or mechanical removal) will not work for aluminum. The thermodynamic stability, and thus tenacity, of the oxide, as well as the high formation kinetics of Al2O3, cause the oxide film to be restored as soon as the metal is exposed to atmospheric oxygen [1]. From Arai’s work in the mid-1980s [2], it became clear that nitriding of aluminum alloys is in fact possible if it is carried out under glow discharge conditions. Since that discovery, further investigations have been carried out [3,4,5,6,7,8,9] focused on the development of technological solutions based on cathode sputtering performed during the nitriding process and conducted under glow discharge conditions enabling the removal of the passive oxide coating and the control of the aluminum substrate’s possible re-oxidation processes.



Moreover, there are other difficulties in nitriding aluminum alloys. These include the practical lack of nitrogen solubility in aluminum [9], which reduces the possibility of the formation of diffusion, gradient precipitation hardened solution zones in the substrate supporting the surface AlN zone, as well as the relatively low melting point of aluminum alloys, significantly limiting the maximum processing temperature and, as a result, the nitriding kinetics [9]. Early research carried out in the field of plasma-assisted nitriding of aluminum alloys [3] confirmed that nitriding under glow discharge conditions, in particular the phenomenon of cathodic sputtering, creates favorable conditions for the growth of surface layers of aluminum nitride of the AlN type with thickness up to a few µm. It was shown that even in medium vacuum conditions (10−2–1 Pa), a typical industrial facility for plasma nitriding steel can be successfully used to carry out the processes [5]. At the same time, the beneficial effect of the AlN layer on tribological resistance was confirmed [3]. However, attention was drawn to potential problems related to adhesion, susceptibility to cracking, and spalling of the AlN layers under increased load. This was due to the lack of a gradient of properties in the substrate and the large difference of hardness between the nitride layer and the relatively soft substrate. It was also pointed out that in practice it is necessary to limit the thickness of the produced AlN layers to ca. 3 µm [3] since thicker layers were more susceptible to cracking because of the state of high stresses generated during the cooling process due to the high difference in the thermal expansion of aluminum and AlN (23 × 10−6 K−1 and 5 × 10−6 K−1 respectively) [3]. It should be emphasized that the problem of the difference in the thermal expansion coefficients of the nitride layer and the substrate becomes critical in terms of the risk of the AlN layer adhesion loss when it is necessary to carry out the precipitation hardening heat treatment of the previously nitrided aluminum, e.g., group of dural grades.



Apart from conventional glow discharge nitriding, other methods of obtaining aluminum nitride layers were investigated [1], including ion implantation [10,11], intensified plasma techniques [12,13,14,15], and laser nitriding processes [16,17]. Investigations concerning the application of active screen plasma nitriding [18,19,20] were recently reported. Other recent reports that cover the studies of new concepts covering plasma nitriding of friction stir welded joints, the atmospheric-pressure non-thermal plasma technique, and AlN/Al2O3 coating produced by the microarc oxidation method [21,22,23] were also recently reported. Also noteworthy is the work on the use of fluidized bed nitriding, in which the effectiveness of the method was demonstrated in both ammonia and nitrogen environments [24]. Also worth mentioning are some interesting model studies [25] showing the possibility of creating layers based on aluminum nitride with a thickness of approximately 400 µm under the reduced pressure of a nitrogen atmosphere and in the presence of magnesium powder. Other studies showing the effectiveness of similar solutions were recently reported [26]. The beneficial effect of magnesium as an alloying element in an aluminum substrate on the kinetics of nitriding under glow discharge conditions was also earlier described [5,9]. However, an unfavorable phenomenon accompanying glow discharge nitriding related to the formation of a high near-surface concentration of magnesium in the form of zones of magnesium, MgO, which negatively impacts the effects of nitriding machine parts in industrial practice, was also reported [27].



The analysis of the state of art of aluminum nitriding, summarized above, leads to the conclusion that although using cathodic sputtering under glow discharge conditions makes it possible to overcome the problem of aluminum passivation and produce aluminum nitride layers on aluminum alloys, no direct application prospects are achieved, despite a significant improvement in functional properties, such as surface hardness and tribological wear resistance. This is due to the fact that in glow nitriding processes, it is not possible to create layers of a diffusion and gradient nature which would make a significant difference in the properties. This must lead to problems with the adhesion of AlN layers, especially under increased concentrated contact loads, in particular in wear conditions, resulting in the so-called ice-on-mud effect. Similarly, when it is necessary to apply a hardening heat treatment to previously nitrided precipitation-hardened aluminum alloys, e.g., dural groups, due to the more than fourfold difference in the thermal expansion, cracking and spalling of the AlN layers may occur during the heating or cooling operations. One should also remember that due to the high level of stress, the maximum thickness of the AlN layers must be limited to an empirically determined value of 3 µm [3], above which cracks in the layers are generated.



Another serious difficulty is the formation of a near-surface zone of magnesium oxide of the MgO type during nitriding, which is susceptible to cracking [27]. As a result, research on the development of methods for producing nitrided layers on aluminum alloys has been recently focused on other alternative surface engineering solutions. The new investigated solutions are aimed at strengthening the load-bearing capacity of the substrate in hybrid processes based on the use of electron beam (EB) [28,29] and laser processes [30,31] as well as thermal spray [32] combining the alloying of near-surface zones of the alloy with their subsequent nitriding.




1.2. Hybrid Treatment Concept


The present work proposes the concept of producing diffusion layers of nitrides of metals other than aluminum nitride on aluminum alloys, using a hybrid treatment combining sequential modification of the substrate surface consisting of the elimination of the passive layer of aluminum oxide in an electrochemical process, its protection by using a deposition of a coating of a nitride-forming metal, and the subsequent nitriding of the thus prepared substrate in the gas process. The effectiveness of similar hybrid solutions combining nitriding in glow discharge variant with previous precoating of the substrate with a metal coating was demonstrated in our works in the area surface engineering of steels [33], magnesium alloys [34], and aluminum alloys [1,35]. The hybrid treatment is an alternative for the production of nitrides on aluminum alloys based on the PVD technologies. The investigation of CrN, TiN [1], and AlN [36] as well as composite [37,38] coatings produced on aluminum substrates by different PVD methods was reported. The advantage of the proposed solution over the alternative of depositing adhesive nitride coatings using PVD methods [1], resulting in the absence of a gradient in the substrate, would be, under appropriate conditions, the formation of gradient diffusion nitride layers on aluminum alloys diffusion bonded with the substrate. The concept was based on the premise that, on the one hand, as observed on magnesium alloys [35], a diffusive zone of intermetallic phases connecting the substrate with the coating may be formed, and on the other hand, that nitrogen will diffuse into the aluminum-based substrate through the nitride-forming metal coating. It was assumed that despite the very limited solubility of nitrogen in aluminum (2 × 10−4 at.% [20]), diffusion may occur, especially by grain boundaries, and this may lead to precipitation processes, which should be beneficial in terms of potential precipitation hardening in the diffusion zone. In fact, the AlN aluminum nitride fine precipitates, due to their high hardness, high elastic modulus, and low coefficient of thermal expansion, may act as effective reinforcement particles as, e.g., demonstrated in [39]. It was also assumed that the presence of alloying elements in alloyed substrates may have a beneficial effect on the solubility of nitrogen in aluminum. In the present study, a simple coating/substrate model system was selected, in which aluminum substrate was plated with an iron coating to be nitride later in a gas process in a high-purity ammonia environment using a prototype gas installation with an adequately high tightness class. The use of certified high-purity ammonia and appropriate construction and tightness of the reactor and gas distribution installations was aimed at creating conditions that would limit the access of oxygen to the nitrided composite iron/aluminum substrate and, as a consequence, reduce the risk of aluminum re-oxidation during nitriding.



The aim of the work was to investigate the effects of producing diffusive nitride layers on aluminum substrates using the surface treatment of aluminum substrates in a hybrid process combining initial modification of the substrate surface in an electrochemical process, including removal of the passive aluminum oxide coating and deposition of a nitride-forming metal coating with subsequent gas nitriding in a high-purity ammonia environment.





2. Materials and Methods


2.1. Substrate Materials


The subject of the work was the production of diffusion nitride layers on aluminum and its alloys based on a new hybrid treatment combining gas nitriding with prior modification of the surface of the aluminum substrate in an electrochemical process involving the removal of the passive aluminum oxide coating and then protecting it against re-passivation by applying a metallic coating, in particular from the group of nitride-forming metals (Figure 1).



The tests were carried out on commercial alloys from the copper–magnesium and zinc–copper–magnesium dural groups and on reference materials, i.e., technical aluminum and aluminum–magnesium alloy. The chemical composition of materials is given in Table 1.



The selection of the alloys was dictated in particular by the different contents of magnesium, which, according to the literature data [9], facilitates the formation of aluminum nitride layers during nitriding processes under glow discharge conditions. The alloys were selected from among commercial materials, bearing in mind that achieving the intended, positive results of the experiment would create the prospect of implementing the developed technology in industrial conditions. The materials examined in this study subjected to hybrid treatment were used in a cold worked state, i.e., rolled in accordance with the producer’s technology, referred to in this study as the as-delivered state (ADS). In one of the tested variants of the substrate, the layer system for the AlCu2Mg2NiSi alloy (S2) (Table 2) was the system with a substrate heat-treated in the precipitation hardening process (with oversaturation at 530 °C/1 h and aging at 200 °C/1 h).




2.2. Coatings


Cylindrical and rectangular plate samples with dimensions of Ø12 × 3 mm and 3 × 10 × 20 mm, respectively, were prepared from the materials described above (Table 1). These samples constituted the substrates. The substrates were mechanically processed by grinding with 1000-grade sandpaper in order to obtain a uniform surface with relatively low roughness. Metallic coatings were electrochemically plated on the as prepared substrates. Variants of the coating–substrate systems are given in Table 2. In two cases, iron coatings on aluminum were preliminarily nitrided in order to obtain a coating variant with well-defined iron nitride, i.e., of the ε or γ’ type (Table 1, variant γ′-Al ε-Al).



In the initial, preliminary stage of the study, the diffusion of nitrogen in technically pure aluminum (Al) was investigated in a few variants of the coating–substrate model system, in which thin (approx. 1 µm) coatings of metals such as chromium, copper, nickel (deposited by chemical and electrochemical methods), and iron were applied in order to choose the optimal coating–substrate variant for further investigation. The metallic coatings were produced using the electrochemical method, in accordance with the standard procedure available in the subject literature [42], preceded by the removal of the passive aluminum oxide layer as an effective protection against re-passivation. Due to the fact that the results of the preliminary examination showed a beneficial effect of iron on the diffusion of nitrogen into the aluminum substrate, the iron coating–alloy substrate system was selected for further research on the nitride diffusion layers on the aluminum substrates produced in hybrid processes (Table 2). Aluminum alloys with different magnesium content varying from ca. 0.75 to 7 wt.% of magnesium, listed in Table 1, were used as the base material. Iron is a metal that is easily nitrided in gas nitriding processes, in which layers of iron nitrides can be produced with precisely controlled chemical and phase composition and, as a result, with the intended performance properties. The thickness of iron coatings applied on alloy substrates did not exceed 5 µm. In order to determine the influence of the phase composition of the nitride layers on the diffusion of nitrogen into aluminum, variants of aluminum substrates coated with γ’ and ε-type iron nitride were prepared (Table 2). On AlCu2Mg2NiSi alloy (S2) substrates, exploratory tests were carried out on the influence of the substrate condition after heat treatment in the precipitation hardening process.




2.3. Thermo-Chemical Treatment


In the second stage of the hybrid processing, the substrates with metal coatings were gas nitrided at a temperature of 530 °C for 10 h. This temperature was selected as the maximum acceptable, taking into account the relatively low melting point of the AlCu4Mg1 alloy (S1) [9]. Nitriding was carried out in an atmosphere of 5N ammonia, which ensures that gas contamination with trace of oxygen is at the level of a maximum of 2 ppm. The processes were carried out in a device equipped with a quartz retort, a gas supply installation, and equipment with an appropriately high tightness class. The aim of these precautions was to limit as much as possible the contamination of the nitriding atmosphere with oxygen and, as a result, to limit the risk of oxygen access to the aluminum substrate and thus to avoid its re-oxidation. It should be noted that in the case of the nitriding of substrates covered with a nitride-forming metal coating, including iron, the process transforms the coating into a nitride layer through which the nitrogen actually migrates to the proper aluminum substrate. To eliminate the risk of spalling of the coatings from the substrate during sample heating and cooling, the rate of these operations was controlled by extending their time to 1 h for heating and 5 h for cooling.




2.4. Methods


The investigation of the nitriding effect on the examined materials was based on the near-surface zone chemical composition analysis using Secondary-Ion Mass Spectroscopy (SIMS), which allows us to determine the distributions of nitrogen and other elements. The tests were performed in a Cameca IMS6F spectrometer (Cameca, Gennevilliers, France). SIMS measurement was conducted using a cesium (Cs+) primary beam, and secondary ions as MeCs+ clusters were analyzed. The method of measuring nitrogen as NCs+ and oxygen as OCs+ clusters has been described elsewhere [43].



Nitrided aluminum substrates precoated with metal surface layers were subjected to the examination of microstructure, surface morphology, chemical composition, phase composition, and selected properties such as hardness, adhesion, and wear resistance.



Metallographic examinations were carried out using a Reichert metallographic microscope, type MeF-2 (Vienna, Austria). Observations were performed in reflected polarized light at magnifications ranging from 50 to 1000 times. The surface morphology of the samples was observed in a scanning electron microscope (SEM) using Hitachi devices type S-3500N (Tokyo, Japan) and Axia Chemi SEM Thermo Fisher Scientific (Waltham, MA, USA) apparatuses. Surface scans and point measurements of elemental content were also performed using energy dispersive spectroscopy microanalysis (EDS). The phase composition of the gas nitrided aluminum substrates was determined using X-ray diffraction (XRD). Measurements were carried out on a Rigaku SmartLab 3 kW diffractometer (Tokyo, Japan). For the apparatus, the radiation source was a Cu Kα cathode and a wavelength of 1.5418 Å, with operating parameters of U = 40 kV and I = 30 mA. The Bragg–Brentano measuring geometry was used with a measuring step of Δ2θ 0.02°.



Selected mechanical properties of the produced layers were also tested, including surface hardness and wear resistance. Martens universal hardness was measured using the Depth Sensing Indentation (DSI) method using a Mikrohardnes tester from CSEM (Switzerland). A Vickers indenter and loads from 10 to 30 N were used. Frictional wear resistance tests were carried out using the disc-on-block method under sliding friction conditions, using an Amsler type A-135 device. The counter-body was a Ø40 × 10 disc made of heat-treated C45 steel with a hardness of ca. 35 HRC. The tests were carried out under a load of 10 N. The tests lasted 1 h. Linear wear was used as the measure of wear.





3. Results and Discussion


3.1. SIMS Analyses


3.1.1. Metal–Aluminum Substrate Systems


In the first stage of the work, preliminary research was carried out to verify the effectiveness of the proposed method of producing nitride layers on aluminum alloys in a hybrid process, in particular confirming the thesis that nitrogen can diffuse into the aluminum-based substrate through an appropriate outside metallic coating and form a diffusion zone. For this purpose, technically pure aluminum substrates were electroplated with coatings of selected metals. The test used coatings as thin as possible, with a nominal thickness of approximately 1 µm. The coatings were produced by typical electrochemical methods used in practice, with prior treatment aimed to effectively eliminate the passive layer on the substrate. The as-prepared substrates were subjected to the gas nitriding process at a temperature of 530 °C and a time of 10 h in a partially dissociated 5N ammonia environment (with dissociation approx. 30%). The effects of nitriding were assessed based on the analysis of nitrogen distributions in the substrate determined by the SIMS method. The test results are shown in Figure 2.



The SIMS analyses of the nitrogen distribution measurements clearly confirm that in the case of the aluminum substrate subjected to gas nitriding in as-delivered state, the nitrogen is extremely effectively blocked by an only ca. 2 nm [44] thick natural Al2O3 passive film. However, once the oxide layer is electrochemically removed in the first stage of the hybrid process (Figure 1) and replaced by the metal coating in the second stage, the situation changes. The results show that under the adopted test conditions, nitrogen diffuses into the substrates through metallic coatings on aluminum; however, the maximum nitrogen level and its range vary greatly. Moreover, nitrogen diffuses to a depth of approximately 5 µm even in technically pure aluminum uncovered with a metallic coating. A similar diffusion range, with approximately an order of magnitude higher nitrogen concentration in the substrate, is observed in the case of copper and nickel coatings applied using the electroless chemical method (NiP-Al). Electroplating aluminum with nickel or iron has a beneficial effect on the diffusion of nitrogen in aluminum with the effect of nickel being the stronger. This is most likely related to the catalytic effect of nickel and iron on the dissociation of ammonia. The nitrogen concentration in the substrate at a depth of approximately 10 µm is approximately two and three orders of magnitude higher in the case of iron and nickel coatings than in uncoated aluminum. The concentration of nitrogen that diffuses through electroplated nickel coating is similar, as in the case of iron coatings, and reaches the level of 1023 at∙cm−3. However, in the case of aluminum precoated with chrome, a different effect is observed, as it does not favor the diffusion of nitrogen into the substrate but only increases its maximum concentration. As one can assume, this is related to the formation of a diffusion zone of an intermetallic compound of the Cr-Al type [45], most likely constituting a barrier to nitrogen migration. It should be noted that the different effects of chemical and electroplated nickel coatings are most likely due to their different phase composition; chemical nickel coatings, unlike electroplated nickel coatings, contain, depending on the deposition conditions, from 4 to 12% phosphorus, which comes from phosphorus compounds used in the standard bath for electroless deposition. The chemical nickel coating, after deposition amorphous, crystallizes during heating, creating a eutectic mixture of Ni3P-type phosphide and nickel with phosphide being the dominant phase. Substrates previously chemically nickel-plated have been successfully used by us in hybrid technologies for producing boride layers on steel based on the diffusion of boron from gas carriers (BCl3) through the coatings to the substrate [46]; hence, in this work it was assumed that a similar solution in the case of nitriding will be effective. As one can see, nitrogen behaves differently than boron, the reasons for which are unclear at the current stage of research. As it can be assumed, nitrogen migrates in the substrate, most likely along the grain boundaries [3], creating locally fine, nanometric nitride precipitates in the diffusion zone. It cannot be ruled out that under the iron nitride layer, where the nitrogen concentration reaches the highest values, a more or less continuous thin zone or local areas of the more thermodynamically stable aluminum nitride may be formed. Experimental confirmation of this hypothesis will require further in-depth TEM research, going beyond the scope and goals of this work.




3.1.2. Iron Nitride–Aluminum Substrate System


The analysis of the nitrogen distributions presented in Figure 2 indicates that the variants of aluminum substrates with a nickel and iron coating meet the assumptions of the proposed hybrid processing concept and enable obtaining a nitrogen diffusion zone in the substrate. The assumption of the proposed concept was also to create diffusion layers in a hybrid process, the outer zone of which will be a layer of metal nitride produced from the coating metal predeposited on the aluminum substrate. Although both metals, as well as nickel, form nitrides, the model system of iron coating–aluminum substrate was chosen for the further research due to the ease of production and control of the iron nitriding in gas process, resulting in the desired nitrogen content and phase composition of the nitride layers. During nitriding, such a system relatively quickly transforms into an iron nitride layer–aluminum substrate system. Depending on the conditions of the nitriding process, in particular the value of the nitrogen potential, the process will result in a different phase composition of the layer (ε, γ′), which may have a significant impact on the transport of nitrogen to the aluminum substrate. In order to select optimal nitriding conditions for the diffusion of nitrogen through the nitride layer into the aluminum substrate, two model systems nitrided at 530 °C were subjected to an analysis of nitrogen diffusion in the substrate, in which an ε-type iron nitride layer was produced on an aluminum substrate in one variant (ε-Al), and in the other variant a (γ′-Al) γ′-type nitride layer (Table 2). The results of this experiment are shown in Figure 3. The analysis of nitrogen distribution in the substrate clearly shows that due to the clearly higher nitriding kinetics, the processes should be carried out in conditions that lead to the formation of ε-type iron nitride layers on the aluminum substrate. This nitride, due to its relatively high solubility and, as a result, high nitrogen supply, paired with and may favor the transport of nitrogen to the substrate.



The nitrogen distributions obtained by the SIMS method for substrates of three commercial aluminum alloys, technically pure aluminum and a model aluminum–magnesium alloy, hybrid processed in the gas nitriding process at 530 °C for 10 h, and previously covered with electroplated iron coatings, are shown in Figure 4.



As can be seen (Figure 4a), the highest nitrogen concentrations are achieved in the aluminum (Al) substrate. The presence of magnesium in all durals, contrary to its beneficial effect on the kinetics of aluminum nitride formation, AlN, in glow nitriding processes [9] described in the literature, limits the concentration and range of nitrogen diffusion in the substrate compared to aluminum. Only for the G-AlMg7 alloy with highest magnesium content (Fe-S4 variant), the diffusion range seems to be comparable to aluminum, but the nitrogen concentration reaches levels that are an order of magnitude lower. In turn, research on the influence of the substrate condition on the nitriding efficiency conducted on the AlCu2Mg2NiSi (S2) alloy, the results of which are shown in Figure 4b, shows that the preliminary precipitation hardening heat treatment of the substrate has a significant impact on the diffusion of nitrogen in the aluminum substrate. Analysis of the distribution of other elements present in the aluminum substrate of nitrided aluminum alloys allows for the detection of increased oxygen concentration (Figure 5a).



In the zone of the substrate adjacent to the outer layer of the iron nitride, next to aluminum, a much higher concentration of magnesium than the nominal content in the alloy is also observed, and its level clearly correlates with the magnesium content in the aluminum alloy. The segregation of magnesium in the near-surface zone of aluminum substrates is most likely the result of selective back diffusion of magnesium from the core to the surface, where it reacts with oxygen which may be supplied in trace amounts in the nitriding atmosphere. According to the mechanism described by Kimura et al. [45], magnesium will also reduce aluminum oxide Al2O which may locally occur as persisting residues of the passive layer fragments. As a result of the back diffusion of magnesium and its oxidation reaction, magnesium oxide, MgO, is formed, the presence of which in the near-surface zone of aluminum substrates may be the reason for the reduced kinetics of the magnesium diffusion observed in alloyed substrates containing magnesium (Figure 4). The magnesium content in the alloy most likely increases the share of oxide in the near-surface zone, intensifying the influence of magnesium on the kinetics of nitrogen diffusion in the substrate, which is reflected in the behavior of the G-AlMg7 alloy (Figure 4a). It should also be noted that the reduction of Al2O3 oxide with magnesium leads to the formation of pure aluminum “in statu nascendi”, which undoubtedly favors the reaction with atomic nitrogen diffusing to the substrate and the creation of the AlN nitride effect [45]. However, it cannot be ruled out that nitrogen in the diffusion zone combines not only with aluminum but also locally with magnesium, forming magnesium nitride, Mg3N2 [47]. The recent advanced transmission electron microscopy investigations provide the evidence of the Mg3N2-type magnesium nitride formation in the layers produced in plasma nitrided aluminum–silicon alloy substrate [48].





3.2. Microstructure and Surface Morphology of Layers


The surface morphology of the examined aluminum substrates with an ε-type iron nitride layer produced in a hybrid process is shown in Figure 6, while Figure 7 shows the microstructures of the cross-sections of these substrates. It can be concluded that the surface morphology of the layers is diverse. In the initial as-deposited state, the iron coating surface composed of fine crystallites exhibits uniform appearance (Figure 6a). The iron nitride layers have a more or less heterogeneous structure and differ in appearance depending of the substrate variant. Thus, e.g., in the of S3 substrate (Figure 6e), the relatively coarse nitride particles form the layer, while for the S4 substrate (Figure 6f), the surface is relatively smooth. The layers’ surface morphology is characterized by a large surface development, which results from the fact that there are bulges of various sizes and shapes formed on the surface of the layer. The bulges are most accentuated for S1 substrate (Figure 6c). The cracking and detachment of the bulges from the layer reveals fragments of the substrate of different size (Figure 6b,d,f). It is worth noting that in the case of the layers on the G-AlMg7 (S4) alloy, with the highest magnesium content, significant spalling covering approximately 50% of the surface of the layer was observed. Analysis of the cross-sections of the tested samples (Figure 7) shows that as-deposited iron coating (Figure 7a) exhibits relatively low development, uniform thickness, and good adherence to the substrate. The cross-section metallographic observation shows low adhesion of the iron nitride layers manifested by the occurrence of areas of layer spalling which are extensive in the case of the G-AlMg7 (S4) alloy (Figure 7f) and localized in the case of aluminum substrate (Figure 7b) In iron-precovered substrates subjected to gas nitriding, the iron nitride layers as produced appear to be more or less corrugated (Figure 7b–e). The corrugations are the most accentuated in the case of the low-magnesium dural (S2) substrate (Figure 7c). Such a phenomenon can be interpreted in terms of the accommodation of the large difference in thermal expansion of the coating and the substrate, where the aluminum base substrate expands more than the coating material. This leads to plastic deformation (stretching) of the iron coating heated to the nitriding temperature and then to the as-produced iron nitride layer corrugation during cooling after the process due to greater shrinkage of the substrate. As can be seen on the investigated sample cross-section shown in Figure 7, in the case of alloyed substrates (Figure 7c–f), dark zones of uneven thickness are formed under the iron nitride layer. X-ray phase analysis (Figure 8), apart from the presence of F3N-type iron nitride in the outer layer within the detection limits, does not indicate the presence of AlN aluminum nitride layers in the substrate. For the dural type substrates (S2–S3) (Figure 7c–e), the thickness of these zones under the iron nitride layer increases with the magnesium content in the alloy, which is believed to be related to the increased level of concentration and diffusion range of magnesium, as well as oxygen in the near-surface zone of the individual alloy substrates revealed by the SIMS analysis (Figure 5). Thus, the thickest dark zones, locally up to even ca. 15 µm large, occur in the zinc (S3) dural (Figure 7e). The X-ray microanalysis (EDS) in the dark zone area (Figure 9) confirms the simultaneous presence of oxygen, magnesium, and aluminum. This is also confirmed by tests of the chemical composition of the substrate where the outer layer of nitrides was exfoliated (Figure 10). Referring these observations to the above-cited works by Kimura et al. [49], it can be concluded that in the structure of the dark zones in alloy substrates next to aluminum, there is most likely magnesium oxide of the MgO type or a mixed oxide of the Al2MgO4 type. Observation of the morphology of the fragment of the substrate under the iron nitride layer, exposed as a result of flack out of the nitride zone fragment (Figure 10), reveals that the oxide zone is covered with a network of cracks, which indicates its poor mechanical properties. It is worth noting the heterogeneous appearance of the surface of the oxide zone at the spatter site, including the presence of lighter areas, morphologically different from the dark areas covered with the mesh, as well as the presence of small light precipitates, most probably nitrides. However, the mechanism of nitrogen transport through the oxide zone into aluminum substrates requires further advanced research beyond the scope of this work, although it seems reasonable to suggest that the discontinuities in the oxide zone may constitute pathways for nitrogen access to the alloyed aluminum substrate [33]. As can be expected, due to the selective core diffusion of magnesium (an alloying element of all tested durals) and its local reaction with oxygen, the formation of magnesium oxide zones under the nitride layer in the aluminum substrate is a phenomenon that negatively affects the potential application aspects of the produced layers. It should be noted that the phenomenon of magnesium giant segregation in the near-surface zone was earlier reported by other authors [50]. It was also observed as manifested by the formation of large oxide areas on nitrided components in the case of aluminum alloy machine parts subjected to nitriding processes under glow discharge conditions in an industrial device [35]. Some promising attempts to solve this problem in view of an industrial implementation of the technology were reported. Thus, some selected properties of diffusion iron nitride layers produced on a commercial AlCu2Mg2NiS aluminum alloy from the dural group for aviation applications were examined and the results are described in the next chapter.




3.3. Properties of Layers


The results of the property tests, including surface hardness, layer adhesion, and frictional wear resistance, are shown in Figure 11, Figure 12 and Figure 13. The results of surface hardness measurements (Figure 11) show that the nitriding process of the AlCu2Mg2NiSi alloy previously covered with an iron coating results in a decrease in hardness from 187HV0.1 to 70HV0.1 for the core and from 207HV0.1 to 66HV0.1 for the surface as a result of the alloy softening during nitriding. It should be noticed that the formation of the diffusive iron nitride layer with a hard outside zone of the ε-type iron nitride does not result in surface hardening. The reason for this decline is the presence of a much less hard and brittle oxide layer under the hard layer of iron nitrides, which undoubtedly reduces the load-bearing capacity of the substrate under the layer and, as a result, may lead to the so-called ice-on-mud effect, which involves the collapse of a layer under a relatively low load. The scratch test (Figure 12) reveals spalling of the layer in the vicinity of the scratch, indicating poor adhesion of the nitride layer to the magnesium oxide zone in the substrate. The roll-on-block wear test under 10 N load shows an approximately 70% decrease in final wear value (Figure 13). In summary of the property examination, it should be concluded that diffusion layers of iron nitrides on an alloy from the AlCu2Mg2NiSi dural group show the potential to improve tribological properties also under high surface loads, provided that the problem of low load bearing capacity caused by the formation of zones in the aluminum substrate is eliminated. The only effective solution seems to be the selection of a precipitation hardening alloy that does not contain magnesium, e.g., EN AM-92205 (EN AM-Al Ti10 (B)), a type from the Al-Ti group. An interesting direction in the development of the hybrid method would also be to design, by analogy to steel, special aluminum alloys dedicated to nitriding with micro-additions of nitride-forming alloy elements, intended to produce fine nitrides in the diffusion zone, and thus to obtain a hardness gradient, between the hard outer nitride layer and a relatively low-hardness substrate.





4. Conclusions


	
The results of the work prove that a surface treatment of aluminum substrates, consisting of subsequent electrochemical processes aimed to remove the passive aluminum oxide layer and then protect the substrate against its re-oxidation by plating with a coating of one of such metals as chromium, copper, nickel and iron, combined with gas nitriding, is an effective hybrid method enabling the diffusion of nitrogen through the protective coating into the aluminum substrate, resulting in the formation of a diffusion layer. The most favorable nitriding effects are obtained at 530 °C/10 h in the case of electroplated iron and nickel coatings, for which the nitrogen range in the substrate reaches approximately 12 µm and its concentration in the diffusion zone is at the level of 1023 at·cm−3. An important measure ensuring the efficiency of nitriding, by reducing the risk of the re-passivation of aluminum, is the use of high-purity ammonia in the processes, which guarantees limiting gas contamination with traces of oxygen at a maximum of 2 ppm.



	
Treatment of aluminum substrates in a hybrid process combining in sequence the removal of the passive aluminum oxide layer, iron coating deposition, and gas nitriding carried out at a temperature of 530 °C for 10 h, enabling the diffusion of nitrogen into the substrate, and the nitriding of the iron coating, is an effective method of producing diffusion nitride layers on aluminum substrates with a surface the Fe3N-type iron nitride zone and a nitrogen diffusion zone in the substrate.



	
In the case of the hybrid processing of iron-precoated dural-type aluminum alloy substrates, the formation of a magnesium oxide zone, most likely of the MgO type, is observed in the substrate near-surface zone. The thickness of this zone, which can reach several µm, depends on the magnesium content in the alloy. The formation of the magnesium oxide zone is the result of the selective diffusion of magnesium towards the surface, where it reduces the aluminum oxide residues of the passive coating and reacts with oxygen, present as trace contamination of the ammonia atmosphere. Although the magnesium oxide zone decreases the hardness and adhesion of the diffusive layers of iron nitride with a nitrogen diffusion zone in the substrate produced on the AlCu2Mg2NiS dural, improved wear resistance by approximately 70% is observed, as demonstrated in the roll-on-block test, under loads up to10 N.



	
The suggested direction for further research for obtaining the perspectives for industrial application of the proposed hybrid treatment of aluminum alloys using gas nitriding requires, first of all, eliminating the problem of the near-surface segregation of magnesium. It may be achieved by selecting an appropriate aluminum alloy that does not contain magnesium, e.g., from the Al-Ti group, which would be best for precipitation hardening in order to increase the load-bearing capacity of the substrate and thus reduce the risk of the so-called ice-on-mud effect characteristic for hard layer–soft substrate systems.
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Figure 1. The schematic presentation of the hybrid process used to produce diffusion iron nitride layers on aluminum substrates. 
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Figure 2. Nitrogen distributions in the substrate of gas-nitrided (530 °C/10 h) technically pure aluminum samples previously covered with coatings of selected metals (SIMS). 
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Figure 3. Nitrogen distributions in the aluminum substrate in gas-nitrided (530 °C/10 h) technically pure aluminum samples previously covered with ε and γ′ iron nitride coatings (SIMS). 
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Figure 4. SIMS nitrogen distributions in the substrate: (a) aluminum alloys and aluminum of technical purity, covered with an iron coating and gas nitrided (530 °C/10 h); (b) AlCu2Mg2NiSi alloy as-delivered state (ADS) and after preliminary heat treatment–precipitation hardening (HT), covered with a coating iron and gas nitrided (530 °C/10 h). 
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Figure 5. Distributions of oxygen (a) and magnesium (b) in the substrate in gas-nitrided (530 °C/10 h) aluminum alloy and technical grade aluminum samples previously covered with an iron coating. 
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Figure 6. Surface morphology (SEM) of aluminum substrates covered with an iron coating (a) in the initial as-deposited state and (b–f) after gas nitriding in the hybrid method on (b) technical aluminum EN AW-1050A (A1); (c) AlCu4Mg1 alloy (S1); (d) AlCu2Mg2NiSi alloy (S2); (e) AlZn6Mg2Cu2 alloy (S3)y; (f) G-AlMg7 alloy (S4). 
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Figure 7. Cross section metallography of aluminum substrates covered with an iron coating (a) in the initial as-deposited state and (b–f) after gas nitriding in the hybrid process on (b) technical aluminum EN AW-1050A (A1); (c) AlCu4Mg1 alloy (S1); (d) AlCu2Mg2NiSi alloy (S2); (e) AlZn6Mg2Cu2 alloy (S3); (f) G-AlMg7 alloy (S4). 






Figure 7. Cross section metallography of aluminum substrates covered with an iron coating (a) in the initial as-deposited state and (b–f) after gas nitriding in the hybrid process on (b) technical aluminum EN AW-1050A (A1); (c) AlCu4Mg1 alloy (S1); (d) AlCu2Mg2NiSi alloy (S2); (e) AlZn6Mg2Cu2 alloy (S3); (f) G-AlMg7 alloy (S4).



[image: Metals 14 00524 g007]







[image: Metals 14 00524 g008] 





Figure 8. The X-ray diffraction analysis for gas-nitrided (530 °C/10 h) AlCu2Mg2NiSi alloy previously covered with an iron coating. 
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Figure 9. Chemical composition and element distribution in the dark zone in the aluminum substrate adjacent to the outer iron nitride layer for gas-nitrided (530 °C/10 h) AlZn6Mg2Cu2 alloy previously covered with an iron coating (EDS point and surface X-ray microanalysis). 
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Figure 10. View (SEM) of the substrate in the area where the outer layer of iron nitride produced in hybrid process on the G-AlMg7 alloy has been exfoliated. 
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Figure 11. Hardness HV0.1 of the surface and core of the AlCu2Mg2NiSi alloy covered with an iron coating for as-delivered (ADS) and gas-nitrided (530 °C/10 h) variants. 
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Figure 12. View of the scratch edge vicinity: scratch test of gas-nitrided (530 °C/10 h) AlCu2Mg2NiS aluminum alloy previously covered with an iron coating and EDS surface analysis of the subsurface zone exposed after spalling off the outer iron nitride coating. 
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Figure 13. AlCu2Mg2NiS alloy linear wear in the roll-on-disc test under 10 N load alloy in as-delivered state ADS (S2) and after hybrid treatment (Fe-S2). 
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Table 1. Chemical compositions of the investigated substrate materials according to the standards (1) PN-EN 573-3+A1: 2022-11, adapted from [40], (2) UNI SPERIMENTALE 3057 (1950), adapted from [41].
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Material

	
Substrate Denotation

	
Chemical Composition [wt.%]




	
Cu

	
Mg

	
Mn

	
Zn

	
Cr

	
Si

	
Ni

	
Fe

	
Al






	
EN AW-1050A (1)

	
Al

	
max

0.05

	
max

0.05

	
max

0.05

	
max

0.07

	
-

	
max

0.25

	
-

	
max

0.4

	
rest




	
AlCu4Mg1 (1)

	
S1

	
4.3 ± 0.5

	
0.75 ± 0.35

	
0.7 ± 0.3

	
-

	
-

	
-

	
-

	
-

	
rest




	
AlCu2Mg2NiSi (1)

	
S2

	
2.2 ± 0.3

	
1.6 ± 0.2

	
-

	
-

	
-

	
0.85 ± 0.35

	
1.05 ± 0.25

	
1.05 ± 0.25

	
rest




	
AlZn6Mg2Cu2 (1)

	
S3

	
1.7± 0.3

	
2.3 ± 0.5

	
0.4 ± 0.2

	
6 ± 1

	
0.175 ± 0.075

	
-

	
-

	
-

	
rest




	
G-AlMg7 (2)

	
S4

	
-

	
7 ± 0.6

	
0.35 ± 0.15

	
-

	
-

	
-

	
-

	
-

	
rest











 





Table 2. Investigated variants of the coating–substrate system.
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	Coating—Substrate

System
	Denotation
	Coating

Type
	Coating

Thickness

[µm]
	Substrate
	Substrate

State





	-
	Al
	-
	-
	EN AW-1050A
	ADS (1)



	Cu-Al
	Cu-Al
	Cu
	~1
	EN AW-1050A
	ADS



	Cr-Al
	Cr-Al
	Cr
	~1
	EN AW-1050A
	ADS



	Nich-Al
	NiP-Al
	chemical

Ni
	~1
	EN AW-1050A
	ADS



	Ni-Al
	Ni-Al
	Ni
	~1
	EN AW-1050A
	ADS



	Fe-Al
	Fe_1-Al
	Fe
	~1
	EN AW-1050A
	ADS



	γ’-Al
	γ’-Al
	Fe4N (γ’)
	~1
	EN AW-1050A
	ADS



	ε-Al
	ε-Al
	Fe3N (ε)
	~1
	EN AW-1050A
	ADS



	Fe-Al
	Fe_5-Al
	Fe
	~5
	EN AW-1050A
	ADS



	Fe-S1
	Fe-S1
	Fe
	~5
	AlCu4Mg1
	ADS


