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Abstract

:

Austenitic stainless steels produced by laser powder bed fusion (L-PBF) are quite interesting materials owing to their specific microstructure consisting of dendrite walls built of dislocations pinned by many nano-oxides that involves significant strengthening without loss of ductility. In this work, different plasma treatments were performed to harden the surface of 316 L steel manufactured by L-PBF. The samples were characterized by X-ray diffraction (XRD), Raman spectroscopy (RS), light microscopy (LM) and micro-hardness tests. The experimental results show that all the plasma treatments enhance the hardness of the surface because a C-enriched layer of austenite (S-phase) forms with a thickness up to 25 μm. The plasma gas mixture, consisting of 2.5% (CH4) + 97.5% (H2), resulted in being the most effective and produced a surface hardness (547 ± 27 HV) more than double with respect to that of the untreated material. The treatment temperature was 475 °C, which represents a good compromise between the necessity to avoid the precipitation of M23C6 carbides and the compatibility of treatment time with the industrial practice. Moreover, it has been observed that a 2 μm-thick over-layer of amorphous C forms on the sample surface. The hardness of such over-layer, which depends on the specific treatment and is related to the degree of topological disorder, is generally greater than that of S-phase. The work demonstrates that plasma carburizing is quite effective in hardening the surface of 316 L steel manufactured by L-PBF and further improves its mechanical properties, which are basically superior to those of the same material prepared by conventional processes.
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1. Introduction


Owing to their excellent corrosion resistance, austenitic stainless steels are commonly used in several industrial sectors (chemical, pharmaceutical, biomedical, food etc.). In spite of recent improvements achieved by additive manufacturing [1], low hardness and wear resistance still represent an intrinsic limit to the different applications. Unfortunately, for these materials, conventional thermo-chemical surface treatments, such as carburizing, nitriding and carbo-nitriding, are not helpful. Since these treatments are usually performed at temperatures higher than 550 °C, they induce the precipitation of Cr carbides with consequent Cr depletion of the surrounding matrix, therefore the improvement of hardness takes place with detrimental effects on corrosion resistance.



To overcome these problems, a lot of work has been undertaken in the last 20 years for developing thermo-chemical treatments at lower temperature [2]. They are carried out at atmospheric pressure and temperature in the range 350–550 °C, where C diffusion is slow; thus, the exposed metal surface needs to be activated by removing the passive layer of Cr2O3 that represents the main obstacle to C penetration. Among low temperature treatments, kolsterizing is one of the most efficient [3]: a pre-treatment in gaseous HCl atmosphere at ~250 °C removes Cr2O3 from the surface of the austenitic stainless steel, then it is treated at ~450 °C for about 30 h in an atmosphere of CO, H2 and N2. Owing to C supersaturation, a layer of expanded austenite (S-phase) forms with thickness of ~30 µm and both mechanical and corrosion resistance results improved [4,5,6,7]. Young’s modulus [8,9] and hardness [2] of S-phase are greater than those of austenite and exhibit a decreasing trend with the distance from the surface depending on the amount of interstitial C in austenite lattice. Such microstructural characteristics lead to a remarkable enhancement of wear resistance [10,11,12], also in temperatures up to 600 °C [13]. Another advantage of kolsterizing treatment consists in the strong compressive stresses (up to 2 GPa) of the S-phase which hinder crack propagation and contribute to improve fatigue resistance [14]. Moreover, f.c.c. structure guarantees good ductility of the hardened layer [15].



The precipitation of carbides does not occur if the C concentration at the surface does not exceed 12%, whereas above this value metastable M5C2 carbides have been observed in the steel matrix [3,16].



In spite of its relevant advantages, kolsterizing involves a long treatment time with resulting high costs. On the basis of this consideration, a plasma-assisted carburizing process at low temperature was developed by us [6,7] some years ago to reduce treatment time, as well as lower the costs. Such plasma process, applied to 316 L steel, exploited the superior chemical reactivity of the highly ionized gas and the greater collision energy. The process resulted in being effective, even if it is of difficult application to mechanical parts of large size and complex shape.



Today, new interest arises from the development and evolution of additive manufacturing [17,18], a technology gaining increasing importance in industrial and academic fields. It allows for the production of components of different alloys and among them the austenitic stainless steels have been extensively investigated [19,20,21,22,23,24,25] owing to their specific microstructure (dendrite walls built of dislocations pinned by many nano-oxides) involving significant strengthening without loss of ductility.



The aim of this work is to investigate the plasma treatment on L-PBF manufactured steel samples and find the best process conditions for enhancing the surface hardness. The attention has been mainly focused on the gas mixture that represents the most critical parameter of plasma carburizing process. Seven different treatments have been carried out and all the samples examined by X-ray diffraction (XRD), Raman spectroscopy (RS), light microscopy (LM) and micro-hardness tests.




2. Materials and Methods


2.1. Samples


The investigated material is the AISI 316 L steel manufactured by L-PBF; its nominal chemical composition is the following: C 0.024, N 0.083, Mn 1.35, Si 0.40, Cr 16.87, Ni 10.05, Mo 2.06, P 0.031, S 0.029, Fe to balance (wt.%).



The 3D printed samples were obtained by using commercial powders with particles of spherical shape and a granulometric distribution in the range 18.17 μm (10th %ile)–45.44 μm (90th %ile), with a median particle diameter of 28.72 μm. The samples were manufactured using a Concept Laser M2 Cusing machine equipped with a single-mode CW ytterbium-doped fiber laser with an emission wavelength of 1070 nm. The process was performed in Ar atmosphere with O partial pressure lower than 0.2%. The main L-PBF process parameters were the following: power 180 W, scanning speed 600 mm/s, spot diameter 120 μm, hatch distance 105 μm, layer thickness 25 μm.



The parts were processed according to the island exposure strategy, producing a checkerboard pattern consisting of 5 × 5 mm2 squares obtained by bi-directionally scanning consecutive single tracks. The adjacent islands were allowed to overlap each other by 105 μm and were scanned along mutually perpendicular directions. The islands were rotated by 90° and moved by 1 mm along the X and Y directions for the production of each subsequent layer (Figure 1a). A total of 20 specimens oriented parallel to the building platform were prepared with a size of 30.5 × 20.5 × 7 mm3 (Figure 1b). More details about sample manufacturing are given in reference [26]. As also reported by other investigators [27,28,29], after L-PBF manufacturing the structure of the steel consists of austenite plus ~5% of δ-ferrite.



The samples used in present experiments had the following dimensions: length 7 mm, width 6 mm, thickness 2 mm. As schematically shown in Figure 1b, they were obtained from slices (2 mm thick) cut perpendicularly to the built surface by using a diamond saw. The samples were at first mechanically polished through grinding papers and a suspension of 0.3 µm alumina powder in water to get a mirror-like surface; then, they were immersed in a sonication bath for 10 min.




2.2. Plasma Treatments


The passive oxidation layer was at first removed from the surface by means of hydrogen bombardment for a duration of 15 min carried out in the vacuum chamber used for plasma treatments. The surface indicated by the yellow arrow in Figure 1b has been then exposed to the plasma. The treatments were performed using a microwave plasma enhanced Chemical Vapour Deposition (CVD) reactor [30]. A schematic view of the experimental set-up is shown in Figure 2. The vacuum chamber (background pressure of 10–5 mbar) is a quartz tube where different gases, i.e., H2, CH4 and CO2, flow by flowmeters at a stationary fixed pressure of 70 mbar. The purity of CH4, H2 and CO2 gases are 99.9995%, 99.9999% and 99.9995%, respectively. The quartz tube is placed across a waveguide connected to a commercial 2.45 GHz microwave generator. The microwave power was set in the range 400–500 W. Microwaves give energy to the electrons of the plasma, which transfer energy to the gas through molecular collisions, heating it. The temperature of the steel sample was monitored by means of an infrared optical pyrometer. According to the time-temperature-transformation (TTT) diagram in Figure 3, plasma treatments were performed at a temperature of 475 °C to avoid the precipitation of M23C6 carbides and η, χ and σ phases. The chemical and physical reactions, which follow this heating, allow the formation of a C rich layer on the steel surface. The gas mixture compositions and temperature used during the plasma treatments are reported in Table 1. The duration of each treatment was 7 h.



As reported in Table 1, a series of plasma treatments was performed at 475 °C by varying the composition of the CH4 + H2 gas mixture (samples from #1 to #5), and other two gas mixtures were tested by adding CO2 (samples #6 and #7).




2.3. Sample Characterization


XRD measurements (Philips, Eindhoven, Netherlands) have been carried out by using the Mo-Kα radiation (λ = 0.071 nm). Diffraction patterns have been collected in the 2θ angular range 15°–50° in step-scanning mode with 2θ steps of 0.05° and counting time per step of 5 s. High precision peak profiles of the most intense XRD reflections have been recorded with 2θ steps of 0.005° and counting time per step of 10 s. The lattice parameters of austenite before (α0γ) and after (αγ) plasma treatments have been determined by using the cos2θ method [31], and from these values the carbon content Cγ (wt.%) in the S phase has been then estimated through the relationship:


   α γ  =  α  0 γ     + α  C γ  ,  



(1)




where α is a constant (0.0044 nm/wt.% C) empirically determined by Ridley et al. [32].



Vickers micro-hardness tests (micro-hardness tester Shimadzu corporation, Kyoto, Japan) were performed on the treated surfaces by applying a load of 1000 g for a time of 10 s. For each group of samples, 15 micro-hardness tests were made to determine the mean hardness value of the treated surfaces and the standard deviation. Hardness profiles vs. the distance from the surface were also made on cross-sections of the samples by using a lower load (25 g) to get a better spatial resolution.





3. Results and Discussion


The LM micrographs in Figure 4 show the structure of the 316 L steel prepared by L-PBF. In the sample top view (Figure 4a), the laser tracks rotated of 90° during building process are clearly visible, while the melting pools can be observed in the cross-section (Figure 4b).



All the plasma treatments listed in Table 1 give rise to a surface layer of S-phase on the exposed surface with thickness ranging from 20 to 25 μm. For example, Figure 5 shows the cross-sections of samples #2 (Figure 5a) and #5 (Figure 5b), and in both the micrographs the layer of S-phase can be easily identified by the brighter colour. In Figure 5c the cross-section of the untreated material is displayed for comparison.



Table 2 reports the micro-hardness measured with a load of 1000 g on the exposed surface of samples submitted to plasma treatments in different conditions. For all the examined samples, the hardness is always greater than that of untreated austenite (HV = 245 ± 3).



By comparing data of samples #5 and #6 in Table 2, it is evident that CH4 is more effective than CO2 to harden the steel surface. In the case of samples from #1 to #5 treated with CH4 + H2 in various fractions, the best result in terms of absolute hardness (HV = 547 ± 27) and thickness of hardened layer (~25 μm) is obtained by using a gas mixture containing 2.5% of CH4 (sample #4), namely, an intermediate fraction among those experimented here. It is reasonable that higher amounts of CH4 in gas mixture may induce the precipitation of fine carbides, as already reported for similar treatments carried out on conventional 316 L steel [6]. This seems also in agreement with the greater hardness of sample #7 compared to sample #5. From the present results, the treatment temperature of 475 °C seems to represent a good compromise between the necessity to avoid the precipitation of M23C6 carbides and the compatibility of treatment time with the industrial practice.



Figure 6 shows that the hardness of all the samples progressively decreases with the distance from the surface. The hardness profiles depend on the specific treatment, but some variations have been observed also in the same sample. Seven profiles have been measured for each sample and those displayed in the figure are the most representative. The result suggests that plasma-sample coupling is not perfectly homogeneous on the whole exposed surface.



It is also observed that hardening in the major part of samples takes place in a more extended zone (up to a depth of 30–35 μm) than that evidenced by LM micrographs (Figure 5). Moreover, except #1 and #4, all the other samples exhibit hardness a little lower than that of untreated austenite at a depth larger than ~40 μm, likely due to recovery of lattice defects.



XRD measurements carried out on the treated samples show that all the peaks are shifted towards lower angles. Figure 7 compares the {110} and {200} reflections of the steel before and after plasma treatments: the relevant shift of both the peaks is connected to the austenite expansion induced by the excess of C in lattice interstitial positions.



From XRD measurements, the lattice parameter of S-phase in different samples has been determined and the C content calculated by means of Equation (1). The C content in S-phase varies with gas mixtures and the highest value has been detected in samples #3, treated by using a gas mixture made of 2% (CH4) + 98% (H2) at 475 °C.



Hardness of S-phase is expected to linearly increase with C content; however, the plot in Figure 8 displays a significant scattering of data with respect such trend. This suggests that hardness could be affected by the presence of a C-rich over-layer, as previously observed in plasma treatments carried out on the same material manufactured by cold rolling [6]. To assess such occurrence, Vickers micro-hardness tests were performed on the plasma exposed surfaces by applying different loads from 25 to 1000 g. Under these conditions, the indentation depth is of several microns; thus, the indentation size effect (ISE) can be neglected [33,34]. In the case of a homogeneous material, micro-hardness does not depend on the load used in the test. On the contrary, if the tests are carried out on a surface coated by a thin layer with characteristics different from those of the substrate, micro-hardness changes with the applied load because greater loads lead to deeper penetration of the indenting tip, namely different amounts of coating and substrate are involved in the tests. Many methods using this approach for determining the hardness of thin coatings are reported in the literature [35] and applied to a large variety of materials (e.g., see references [36,37]). The results of present experiments are shown in Figure 9, where the mean micro-hardness values are plotted vs. penetration depth. The points in each curve correspond to the values measured in tests carried out by using loads of 25, 50, 100, 300, 500 and 1000 g.



It is evident from Figure 9 that the measured micro-hardness values strongly depend on the load used in the test. Within the experimental error, micro-hardness values can be considered substantially constant up to a penetration depth of ~2 μm, while relevant variations are observed for larger penetration depths. As schematically displayed in Figure 10a, for loads lower than 100 g, the indenting tip penetrates only the over-layer that results in having a thickness of ~2 μm, and the measured micro-hardness value basically corresponds to that of the over-layer. For applied loads greater than 100 g, the tests also involve the S-phase (Figure 10b); thus, the value obtained by the test depends on the hardness of both over-layer and S-phase. Of course, as load increases, the volume of S-phase involved in the test becomes progressively more relevant and, consequently, its effect on the measured value.



Another significant piece of information provided by Figure 9 is that the hardness of the over-layer exhibits large variations after different treatments; thus, it is important to identify its nature and characteristics. In a previous work [6] a similar C-rich graphitic over-layer has been observed in cold rolled 316 L steel after plasma treatments. Gas mixtures (H2/CH4) are commonly employed to grow synthetic polycrystalline diamond films and the addition of CO2 is demonstrated to enhance the growth rate and crystalline quality of nano-diamond layers [38,39,40]. The reason why meta-stable diamond crystals can nucleate and grow on non-diamond substrates under CVD conditions is a problem that has been extensively debated (e.g., see [41,42,43,44,45]) since the most stable C phase is graphite and the phase transition has a high activation barrier (~0.4 eV/atom) that can be overcome under extreme conditions of temperature and pressure. A model for diamond nucleation by energetic species was proposed by Lifshitz et al. [41]; it involves spontaneous bulk nucleation of diamond embryo clusters in an amorphous carbon hydrogenated matrix and ion bombardment-induced growth through a preferential displacement mechanism. The model has been confirmed by TEM observations of Li et al. [45].



To identify the specific nature of the over-layer, Raman spectra have been collected. RS is a sensitive technique for identifying the variety of crystalline and amorphous C structures that may exist in different hybridization states [46,47].



Figure 11 clearly shows that two peaks, i.e., the D-band and G-band peaks, are present in the RS patterns of the samples from #1 to #5, treated at 475 °C with a gas mixture containing CH4 and H2 in various fractions, and of sample #7. On the contrary, the peaks are very weak, at the limit of detectability, in the case of the sample #6 treated with 4% (CO2) + 96% (H2), a gas mixture without CH4. The RS of untreated (UT) sample is also reported in Figure 11 for comparison. The diamond peak at 1332 cm−1, whose position is indicated by the dashed vertical line in Figure 11, was never observed.



The G and D peaks are due to sp2 sites and correspond to neighbour atoms moving in opposite directions perpendicular to the plane of the graphitic sheet (G peak) or in radial directions in the plane (D peak). The presence of the D peak indicates a topological disorder into the graphite layer even if bonding is still sp2; therefore, the ratio ID/IG between the intensities of D and G peaks can be used evaluate the degree of disorder.



Figure 11 shows that the relative intensities of D and G peaks vary with the specific treatment. For the samples treated at 475 °C with different mixtures of CH4 and H2 (from #1 to #5) ID/IG decreases from 1.93 (sample #3) to 1.68 (sample #5), and this corresponds to a decrease in the over-layer hardness (first points of the curves in Figure 9). Therefore, over-layer hardness seems related to the disorder degree. This is also supported by the data of sample #7, which has an extremely hard (~1100 HV) over-layer and the greatest value of the ratio (ID/IG = 2.47) among those of all the curves reported in Figure 9. Anyway, to assess such a hypothesis, X-ray photoelectron spectroscopy (XPS) measurements are underway.



On the basis of RS results, the anomalous scattering of micro-hardness data vs. C content in S-phase (Figure 8) can be explained by the different depth of analysis of XRD and micro-hardness tests. XRD examines the material at a depth in the range of 40–50 μm and the effect of the over-layer (2 μm thick) is negligible whereas the penetration depth of the tip in micro-hardness tests with an applied load of 1000 g is ~10–12 μm, thus is more sensitive to the over-layer hardness.




4. Conclusions


The work investigated seven plasma treatments on 316 L steel manufactured by L-PBF to find the best process conditions for enhancing the surface hardness. The samples were examined using XRD, RS, LM and micro-hardness tests, and the results were précised as follows:




	
All the plasma treatments enhance the hardness of the 316 L steel, owing to the formation of a C-enriched layer of austenite (S-phase) with thickness ranging from 20 to 25 μm.



	
The layer of S-phase exhibits a hardness profile decreasing toward the inner part of material depending to the C diffusion profile.



	
Among the different gas mixtures used in present experiments for producing the plasma, that consisting of 2.5% (CH4) + 97.5% (H2) resulted in being the most effective: the surface hardness becomes 547 ± 27 HV, more than double if compared to that of the original steel manufactured by L-PBF (HV = 245 ± 3).



	
The treatment temperature of 475 °C represents a good compromise between the necessity to avoid the precipitation of M23C6 carbides and the compatibility of treatment time with the industrial practice.



	
A 2 μm-thick over-layer of amorphous C forms on the sample surface. The hardness of this over-layer changes with the specific treatment, but it is generally greater than that of S-phase. Raman spectra suggest that over-layer hardness is related to the degree of topological disorder, described by the ratio ID/IG between the intensities of D and G peaks.








In conclusion, plasma carburizing is quite effective in hardening the surface of 316 L steel manufactured by L-PBF and further improves its mechanical properties, which are basically superior to those of the same material prepared by conventional processes such as cold rolling and forging. In the future, wear tests will be carried out to assess whether the increase in hardness is accompanied by an improvement of tribological properties.
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Figure 1. Island exposure strategy (a) and a piece produced by L-PBF (b). A typical sample used for plasma treatments, shown in (b) by continuous red lines, was obtained from slices (dashed red line) cut perpendicularly to the built surface. The surface exposed to plasma is indicated by the yellow arrow. 
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Figure 2. Schematic view of the experimental set-up used for plasma treatments. 
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Figure 3. TTT diagram of austenitic stainless steels. 
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Figure 4. Top view (a) and cross-section (b) of 316 L steel manufactured by L-PBF process. 
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Figure 5. Cross-sections of the samples #2 (a) and #5 (b). The S-phase layer covers the exposed surface. In (c) the untreated material is displayed for comparison. 
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Figure 6. Micro-hardness (load of 25 g) profiles vs. distance from the exposed surface of 316 L samples treated in different conditions. 
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Figure 7. {110} and {200} XRD reflections of 316 L steel prepared by L-PBF before and after plasma treatments. After plasma treatments, the peaks shift towards lower angles due to the expansion of austenite lattice. 
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Figure 8. Micro-hardness vs. C content determined in different samples through XRD. Micro-hardness values were obtained by applying a load of 1000 g. 
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Figure 9. Micro-hardness vs. penetration depth. The tests have been carried out on the plasma exposed surface by using 6 different loads (25, 50, 100, 300, 500 and 1000 g). Each point in the curves corresponds to a specific load. 
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Figure 10. Schematic view of the indenter tip penetrating only the hard over-layer for lower loads (a) and also the S-phase for greater loads (b). The over-layer thickness resulted to be ~2 μm. 
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Figure 11. Raman spectra of the samples in original state (NT) and treated with plasma in different conditions. The position (1332 cm−1) of the peak of diamond single crystal, indicated by the dashed vertical line, is displayed for comparison. 
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Table 1. Gas mixture and temperature used for treating different groups of samples.
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	Samples
	Gas Mixture
	Treatment Temperature





	#1
	0.5%(CH4) + 99.5%(H2)
	475 °C



	#2
	1%(CH4) + 99%(H2)
	475 °C



	#3
	2%(CH4) + 98%(H2)
	475 °C



	#4
	2.5%(CH4) + 97.5%(H2)
	475 °C



	#5
	4%(CH4) + 96%(H2)
	475 °C



	#6
	4%(CO2) + 96%(H2)
	475 °C



	#7
	2.5%(CH4) +1.5%(CO2) +96%(H2)
	475 °C
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Table 2. Hardness measured with a load of 1000 g on the exposed surface after plasma treatments in different conditions. For comparison the hardness values of untreated L-PBF steel and 316 L steel manufactured by forging are reported too.
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	Samples
	Gas Mixture
	HV1





	#1
	0.5% (CH4) + 99.5% (H2)
	450 ± 13



	#2
	1% (CH4) + 99% (H2)
	467 ± 10



	#3
	2% (CH4) + 98% (H2)
	534 ± 36



	#4
	2.5% (CH4) + 97.5% (H2)
	547 ± 27



	#5
	4% (CH4) + 96% (H2)
	421 ± 21



	#6
	4% (CO2) + 96% (H2)
	269 ± 4



	#7
	2.5% (CH4) + 1.5% (CO2) + 96% (H2)
	469 ± 12



	L-PBF
	No plasma treatment
	245 ± 3



	Forged 316 L
	No plasma treatment
	147 ± 2
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