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Abstract

:

Laser surface heating allows for the thermal treating of clearly defined surface areas thanks to the ability to focus the laser beam to a specific point. Thus, the rapid heating and subsequent rapid cooling when the beam is moved away, typically associated with laser light, is used as an in-machine process to improve the machinability of hard- or difficult-to-machine alloys. In laser-assisted machining (LAM), laser irradiation occurs simultaneously with materials removal; however, it is difficult to ensure a complete removal of the irradiated areas. In the present work, the two processes were decoupled to investigate the interaction effects of laser radiation type 316L. The surface residual stress, hardness, and microstructure of milled flat specimens were measured prior to and after diode-generated laser beam irradiation. Laser exposure of samples was conducted under protective gas shielding (Argon) using heating parameter combinations that would limit or avoid laser surface melting. Conversely, when the surface underwent melting, the formation of a fast solidification layer resulted in the removal of the cold-worked effect and the significant softening of the surface layers. Beam power density in-homogeneities and incomplete machining of the treated areas in LAM have the potential to introduce significant undesired changes on components’ surface integrity.
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1. Introduction


Austenitic stainless steels represent a significant portion of the metals employed in light-water reactors, with types 304L and 316L being the most commonly used stainless-steel alloys used thanks to their high corrosion resistance. Austenitic alloys are employed in the demanding environment of pressurized water reactors (PWR) for an extensive time at temperatures and pressures up to 325 °C and 15 MPa, respectively [1]. Despite their very good corrosion resistance in an aqueous environment, these materials can suffer from environmentally-assisted degradation problems, and some instances of stress corrosion cracking (SCC) in nuclear power plants have occurred [2,3,4,5,6,7]. Amongst the main influencing parameters, surface finish [8,9,10] and residual stresses are the most important. Recent analyses on components removed from boiling water reactors also highlighted the importance of deformation of the surface and surface features, which promote SCC initiation [11,12]. The surface defects originated from manufacturing can also act as a location where crack initiation pre-cursors can occur also due to the promoted local concentration of aggressive ions [13,14].



The machinability of austenitic stainless steels is relatively good, and a significant body of knowledge is available to address the conventional machinability issues caused by its high ductility and high work-hardening coupled with low thermal conductivity [15]. However, the constant drive from the nuclear industry to extend the operative life of plants beyond the 40 years’ limit requires a substantial reduction of the number of manufacturing defects capable of causing accelerated failure of components [16]. Such a requirement requires stringent controls over surface integrity defects from the manufacturing operations and fixes an upper limit on the material removal rate and machining speed with the current manufacturing technologies [17].



The recent increase in demand for carbon-neutral energy has increased the pressure on the nuclear industry to reduce commissioning time and capital costs associated with the installation of new plants, which are notoriously weak points. The strong request for the reduction of commissioning time has subsequently shifted the interest toward the construction of smaller modular reactors (SMRs) which should be offering savings in terms of capital investment and building time. However, SMRs necessitate a large-scale economy to be economically viable, so a minimum number of units per year needs to be produced in order for the process to be competitive with large PWRs [18]. In this scenario, where a good portion of manufacturing costs are strongly linked to machining time, the further reduction of manufacturing-associated costs through the use of advanced machining techniques is being sought after. Several advanced hybrid techniques are available to increase the machinability of difficult materials, such as ultrasonically-assisted machining (UAM), cryogenic and near-cryogenic machining, and laser-assisted machining (LAM). Each one of these techniques has its peculiar range of application, but in general, they offer potential advantages in containing the machining-associated costs and reducing the carbon footprint [19].



Dry machining is generally sought after thanks to its environmentally friendly manufacturing strategy, which does not involve the onerous problem of spent cutting fluid disposal. The increasingly strict environmental protection needs, the health and safety issues associated with operators’ handling of the coolant, the machine energy footprint increase, the cleaning issues, and so on render dry machining of key interest when trying to limit manufacturing impact on the environment [19]. However, dry-machining productivity has an upper limit to the material removal rate due to the maximum thermal dissipation of the tool, which at high removal rates tends to overheat and suffer accelerated wear [20,21]. This issue is partially overcome in LAM, where a laser beam is used to preheat the surface of the metal prior to machining with the aim of reducing its yield stress and ultimately generating minor cutting forces and tool wear [22,23]. In fact, when heated up to temperatures above 500–600 °C, the stainless steels’ strength drops quickly, reaching relatively low values above 800 °C [24]. Decreased strength could result in improved dry-machinability with traditional cutting tools and could be translated into accelerated manufacturing time, thus further reducing the manufacturing-associated costs [25].



When irradiating the surface of a machining sample with a traveling laser beam, the energy is partially absorbed by the metal and results in a rapid heating of a relatively thin layer of material; afterwards, a rapid cooling occurs by heat conduction to the cold substrate, which acts as a thermal sink. Therefore, the distance between the laser spot and the machining feed must be calibrated accurately if cutting is to occur at the correct temperature. Moreover, laser spot power density distribution inhomogeneity requires an area slightly larger than the cutting tool to be irradiated. When using a rectangular-shaped spot, a top-hat distribution in the transverse direction and a Gaussian in the scan direction, represent the most favorable distributions. It is, however, difficult to obtain very steep slopes in the top-hat distribution, hence the need for the exposure of an area larger than the portion that will undergo machining. This results in partially or fully irradiated areas that are not being removed by the subsequent machining and can lead to the generation of tensile surface stress [26,27,28]. In LAM, the laser beam is placed slightly ahead of the machining tool, and machining happens immediately following irradiation. However, overlapping machining tracks result in scattered areas of pre-heated material, which are not being removed [29]; for parallel machining tracks, this effect is particularly strong with dis-homogeneities in the transverse direction and can result in undesired areas of increased residual surface tensile stress [30,31].



In the present work, machining and irradiation were decoupled to fundamentally understand the implication of laser irradiation on the development of the materials’ properties in order to gain information that could be used to further optimize laser process parameters, ultimately reducing unwanted materials’ modifications. Specifically, AISI 316L plates were first face-milled and subsequently irradiated with a diode laser beam to assess the effects generated on the material. Laser experiments were first conducted in a design of experiment approach to identify the range of parameters, which would be suitable for the consequent tests; they were then followed by scanning laser experiments. This approach allowed the exploration of a wide variation of the key process parameters whilst keeping the total number of trials to a minimum.



Post-irradiation residual stresses were evaluated by X-ray diffraction and compared with the pre-irradiation ones on the surface and at a depth of 50 µm. The morphology of the samples was investigated in cross-section metallography at the scanning electron microscope (SEM) to assess the presence and depth of the modified layers.




2. Experimental Setup


Commercially sourced AISI 316L plates, whose composition and mechanical properties are reported in Table 1, were provided in the hot-rolled state and were cut into square plates with 300 mm side lengths and 75 mm thickness. These plates were machined to remove 1 mm of surface material by face-milling with an 80 mm cutting tool and positive rake (7°) angle with carbide-coated inserts. An emulsion based (10% oil) flood coolant was used to reduce the undesired machining effects, and care was taken to ensure a new insert cutting edge was used. Additional cutting parameters are reported in Table 2.



A high-power fiber-coupled diode laser source from Laserline (LDF 15000-100) with a maximum output power of 15 kW (±2%) and a beam parameter product of 100 mm mrad was used to irradiate the samples. The laser operated in continuous wave mode on a non-monochromatic wavelength of 900–1100 nm. The output beam exiting from the 2 mm core delivery fiber was collimated by a 72 mm focal length lens; a homogenizer (Laserline 2.1) was used to generate the rectangular spot. The beam was then focused on the target at a focal length of 200 mm. Due to the relatively low brilliance of the source, it was possible to operate with a completely focused beam irradiating a rectangular spot of 45 mm × 5.56 mm under a flow of Argon from the head’s coaxial nozzle (nozzle dimensions 10 × 55 mm). Details of the setup can be found in previous works [32].



Immediately before irradiation, the samples were carefully degreased using isopropanol and left to dry in air. Nine square (75 mm side length) areas were identified and irradiated in three passes following the order in Figure 1; between each area irradiation, there was a waiting time of 30 s to allow for the cooling of the metal piece. Exposure of the machined coupons to the laser beam was performed following a design of experiments approach aiming to investigate the combination of parameters that did not result in the melting of the surface. The design of experiment laser parameters are presented in Table 3. Care was taken to allow the plate to return to room temperature after each set of exposure (9 areas) before turning the plate for the next lot of exposures. Immediately after irradiation, photographic evidence of the sample was recorded (Figure 1). Figure 1b shows the surface of the sample with a widespread surface melting (LE150), while Figure 1c shows one with incipient surface melting (LE7.5).



The residual stress measurement was performed on a Proto LXRD stress analyzer fitted with a Mn-Kα target tube and operating at 25 kV and 25 mA with a round focused spot of 2 mm diameter. The measurement of surface residual stress in the as-machined specimens was performed by multiple tri-axial measures on three areas of the surface to be irradiated. Care was taken to choose spots far from the edges to avoid gradient effects. The collected groups of results were then averaged to reduce in-homogeneity effects and increase confidence in the measurements; these data are reported in Table 4. The residual stress measurements were repeated in a similar fashion on post-irradiated samples, and variations of the surface stress were also evaluated.



The areas that measured the highest and lowest variation of the surface residual stress (pre- vs. post-irradiation) were selected for further analyses. The residual stress measurements were also performed at a depth of 50 µm (±5 µm) below the surface on the chosen samples by polishing a 20 mm area with an electro-polisher unit (Proto 8818-V3) and a saline electrolyte (Proto Electrolyte A at 42 V) with the assumption that the electro-polishing process would not influence the residual stress. These measurements were compared with 50 µm deep residual stress measurements in areas that were not irradiated.



The sample with the most evident melting (called from now on Sample LE150, see Figure 1b) and the one with the lowest visible melting effects (Sample LE7.5, see Figure 1c) were then sectioned in the cross-section direction (orthogonal to the laser and machining feed) using an emulsion-cooled laboratory rotary saw and hot-mounted in Bakelite and Struers Polyfast conductive resin. The samples were automatically ground using SiC paper disks (grit 100–2500), diamond polished (6 then 1 µm), and finished with OPS Fumed Silica 0.2 µm suspension in water (PH 9.5–10.5). After mounting and polishing, the metallographic mounts were cleaned with isopropanol and dried in a desiccator before the SEM analysis and comparison with cross-section metallographic slides of the “as-machined” samples that did not undergo laser exposure.



The cross-sectioned metallographic specimens were subsequently evaluated using a Phenom World XL SEM operated at 15 kV and equipped with a CeB6 source and a backscatter detector. The cross-section hardness profiles were obtained with a Vickers micro-indenter (Wilson Tukon 2500) at 10 µm intervals up to a depth of 80 µm with a load of 50 g and a dwell time of 15 s resulting in indents of approximately 16–25 µm diagonals.




3. Results


After machining, the test plates showed tensile surface maximum principal residual stress ranging from 60 to 550 MPa with an average of 387 MPa and a median of 400 MPa. The minimum principal stress averaged 154 MPa with a median of 174 MPa. Even if the machining parameters were replicated for each coupon, it was expected to find a noticeable scatter between measurements, as this is the typical behavior in measurements of residual stresses of machined surfaces. Pre-irradiation residual stress data collected from all the machined areas are collated in Table 4.



After irradiation, areas appeared to discolor, with shades ranging from purple to bronze, with bronze being more common when melting occurred. This was a consequence of the inert gas being insufficient to shield completely the sample from oxygen. The variation of the thickness of the formed oxide layer was responsible for the discoloration.



Specifically, averaging the results of all the samples tested (N = 72), the maximum principal stress showed a larger than twofold increase, while the average minimum principal stress increased over four times. It is notable that the difference between the average maximum and minimum principal stresses was reduced after irradiation. Pre-irradiation difference measured 233 MPa and post-irradiation difference only 143 MPa. Standard deviations of the results appeared to be slightly increased after irradiation, but the difference was of little statistical significance.



By plotting the differences of the pre- and post-irradiation maximum principal stresses against the line energy, it was possible to identify three zones with a slightly decreasing scatter of the results (Figure 2a).



Similar results were also obtained for the minimum principal stress differences (Figure 2b). A significant scatter in the residual stress differential results was observed after irradiation with a line energy (LE) below 10 kJ/m. The result scatter was reduced as the line energy increased with an apparent minimum occurring for a LE over 120 kJ/m. The scatter of the maximum principal stress differences dropped from the initial 700 MPa (800 MPa for min principal stress) to 550 MPa (600 MPa for minimum principal stress).



The residual stress measured at 50 µm depth for Sample LE150 (LE of 150 kJ/m, laser power of 15 kW, and feed of 100 mm/s) did not appear to vary much (1040 MPa pre-irradiation and 990 MPa post-irradiation). The minimum stress and shear changed significantly: respectively, there was an increase of 675 MPa (with the observation of a stress reversal of the minimum principal stress from −121 MPa to 796 MPa) and a reduction of 360 MPa.



Microstructural characterization was carried out on a selection of the most representative samples, as well as on the baseline material. The cross-section metallographic image of an as-machined sample (Figure 3a,b) showed that grain recrystallization and deformation effects were limited to the first 10 µm with a small zone of equiaxed grains extending for 3–5 µm below the surface. Further deformation, although to a lesser extent, was also visible up to approximately 20 µm but not in a uniform manner across the machined surface.



Cross-section metallographic characterization was also conducted on the laser-irradiated samples and were always taken at least 20 mm from the edges. It was observed a LE threshold value of ~7.5 kJ/m below which surface melting did not occur; this threshold energy was used to treat a sample (Sample LE7.5) used to characterize the laser irradiation effect when no surface melting was observed. In the case where the laser power was 5 kW and the feed rate was 66.7 mm/s, LE was 7.5 kJ/m and melting did not occur; a heavily deformed surface layer was still visible alongside the ultrafine crystallized layer associated with machining, as shown in Figure 3b,c. The depth of the ultrafine recrystallized deformed layer was approximately 5 µm with plastic deformations evident up to a depth of about 10 µm. The thickness of the layer was non-homogeneous, and slight variations were observed in different samples, which are not reported for brevity.



Figure 3e,f shows an example of a different effect on a specimen, which presented surface melting and had a LE of 150 kJ/m (Sample LE150). When superficial melting occurred, the machining-deformed layer melted, and fast solidification led to a lesser grain refinement. It is also interesting to point out that this layer showed no significant deformation, thus confirming the full recovery of the microstructure. The solidification layer was observed to extend up to a depth of 10–15 µm, and unlike the machining-induced deformation layer, it was relatively consistent in thickness. Underneath this melted layer, the grain structure sharply transitioned to the bulk grain structure.



Moreover, as shown in Figure 3e,f, the surface layer in the surface-melted specimens appeared to be significantly coarser and did not show the ultrafine grain structure visible in the specimens that did not undergo surface melting. Conversely, when no melting occurred, the machining-induced layer was preserved (Figure 3b,c).



Cross-section micro-hardness measurements were carried out on the as-machined samples, i.e., prior to irradiation, as well as after irradiation on a sample that underwent surface melting (sample LE150) and the one that did not undergo surface melting (sample LE7.5). The results, which are reported in Figure 4, show that in the as-machined sample, there was a surface hardness increase up to ~280 HV within the first 20 µm beneath the surface. The hardness then dropped to the baseline hardness of ~240 HV; these findings are consistent with the cross-sectional characterization and the presence of a surface work-hardened layer. However, upon laser irradiation under conditions that did not induce surface melting (Sample LE7.5), the work-hardened surface layer increased its hardness, which peaked to about 350 HV at the surface, linearly dropped to around 300 HV at a depth of 20 µm, and then remained somewhat constant at 250 HV until the maximum measured depth of 80 µm. Conversely, the sample that was irradiated with a higher value of LE (Sample LE150) presented an opposite trend. Specifically, there was a surface softening, and the hardness had a minimum of 200 HV at the surface, before increasing to around 250 HV at a depth of 30 µm and then remaining constant until a depth of 80 µm at around 250 HV. These results showed that surface melting significantly reduced the surface hardness, whilst the not-melting laser heating treatment significantly increased it. In Figure 4, it is shown that the measured hardness profiles of all samples remained statistically distinct up to a depth of 50 µm below the surface.




4. Discussion


Laser irradiation of the samples’ surfaces resulted in significantly increasing their surface tensile residual stresses. Maximum principal surface stress increased approximately two times, while minimum principal stress increased around four times. In general, there was an increase of all stresses leveling off to a similar value. This could be explained as follows: when processing machined type 316L plates with laser light, thus rapidly increasing the surface temperature, the large thermal expansion coefficient of the materials (α = 16.6 − 19.4 × 10−6 m/mK, large compared to other steels, as is typical for Austenitic steels [33]) resulted in a significant expansion of the surface layers, which was constrained by the cooler, deeper layers. Eventually, this resulted in plastic deformations with an increasing gradient toward the surface. Once the laser spot traveled further, thus ceasing the localized energy transfer, the heated material underwent a rapid quenching process [34], during which the accumulated heat was dissipated in the cold bulk material by conduction. The once thermally expanded layers contracted, resulting in a tensile stress field being generated on the surface and superimposing on the pre-existent stresses. It is noteworthy to observe that the minimum principal stress prior to irradiation was measured to be compressive in some of the samples. After the heating of the surface and consequent absolute increase of the maximum tensile stress, a reduction of the numerical difference between the maximum and minimum principal stresses was observed.



On this basis, assuming that the work-hardening rate of the material was unchanged, it could be postulated that the surface residual stress increase would be lower on materials with a lower thermal expansion coefficient; conversely, materials with a higher work-hardening rate would be more prone to surface residual stress development. However, more experimental work should be performed to confirm this hypothesis.



It was also shown that effects of laser irradiation on residual stress showed a high scatter at low beam power, but the scatter seemed to reduce for line energies above 10 kJ/m. This effect could be explained as a consequence of the relatively high reflectivity of the machined surfaces, which reflected a significant portion of the laser energy. Reflectance R of type 316L is linked to its emissivity    ε 1    by the following simple relation:


   R = 1 −  ε 1    



(1)







According to Duley [35], it is possible to derive an empirical relationship to calculate the emissivity of CO2 lasers. These, being of sufficiently close wavelength to the diode-beam used in this work, allowed using the same formula to calculate the emissivity changes in accordance with temperature, wavelength, and resistivity of the material:


   ε  1,1060   ( T ) = 11.2   [  r  20   ( 1 + γ T ) ]    1 2    − 62.9 [  r  20   ( 1 + γ T ) ] + 174   [  r  20   ( 1 + γ T ) ]    3 2     



(2)




where T is the temperature in °C,    r  20     is the resistivity of the material in Ω/cm, and  γ  is the temperature coefficient in Ω cm/°C. For type 316L,    r  20   = 7.3 ×   10   − 5   Ω   cm   and   γ = 2 ⋅   10   − 3   Ω   cm / ° C  . Equation (2) shows that emissivity monotonically increases with temperature; therefore, reflectivity of the alloy was reduced at increased temperatures (cfr. Equation (1)). Because the maximum surface temperature is a function of the energy transferred and therefore of line energy, it was supposed that below a certain level, the effect of the surface texture on the beam absorption would be predominant over the reflectivity changes [35]. At low LE, the surface temperatures were probably lower due to the lower energy transfer. Because the reflectivity changes depend on the temperature, they were small and thus incapable of overcoming the effect of the local in-homogeneity in the surface reflectivity of the material. This ultimately led to a mainly “roughness-driven” reflectivity and, in general, to a less efficient energy transfer process. This transitional regime ultimately resulted in a slightly larger-than-expected spread of the results. At larger line energies it was likely that the specimens’ surface reached higher temperatures due to the heat transfer, and the increased temperature resulted in a larger reduction of its reflectivity. This effect became predominant and able to erase the influence of the local in-homogeneities in reflectivity caused by changes in roughness, ultimately resulting in a more efficient energy transfer. It should also be considered that the oxidation of the surfaces with consequent bluing was more pronounced at higher line energies. If the oxidation process was rapid enough, the bluing of the surface would ultimately reduce its reflectivity, ultimately increasing energy transfer. Reflectivity changes linked to temperature, roughness, and oxidation should be taken into account if a consistent and predictable effect is desired, as the power dis-homogeneities of the laser distribution and inconsistencies in the gas shielding can have a significant effect. The effect of the increasing line energies on residual stress averages resulted in the progressive reduction in the spread of results, as shown in Figure 2. From the same figure, it is possible to conclude that the effects of LE on residual stress were relatively constant with an increase of ~500 MPa of the tensile residual stress after laser treatment when comparing results with the as-machined samples.



When observing the in-depth effect on the residual stress, a reversal of the minimum principal residual stress (−120 MPa to 680 MPa) was observed for Sample LE150. This behavior was likely a consequence of thermal deformations and yielding happening at a depth as low as 50 µm. The maximum principal residual stress was relatively little influenced by depth effect (only 50 MPa change), as it was probably close to the maximum strength of the material (520–670 MPa) with any further increase resulting in yielding. No particular effects were observed on the microstructure of the metal at this depth (50 µm), indicating that the effects of laser exposure on residual stress seemed to extend deeper than those on microstructural changes [36]. Incidentally, no thermal relaxation of stresses was observed due to the thermal transient being extremely brief. As reported by other studies, the laser-treated area was heated up very rapidly and remained for a short time at high temperatures due to the high cooling rate of the heated substrate to the cooler, deeper layers [37].



The machine-hardened layer, which was observed in untreated specimens, was generally thin (3–5 µm ultrafine recrystallized layer, up to 10 µm the total deformed layer). At higher magnifications, the upper layer appeared to be a small equiaxed grain structure. Numerous lath, sub-grain boundaries, and dislocations appeared to concentrate in the layers immediately below the surface up to approximately 10 µm [38,39]. In laser-processed specimens that did not undergo melting, this layer was still clearly visible. Cross-section metallographic slides of surface-melted specimens showed significant changes in the surface microstructure, with the grain refinement effects of machining being deleted and consequent formation of a medium-grained and non-deformed solidification layer. The formation of the solidification layers and phase transformations are commonly observed when treating steel surfaces with lasers [40], but the latter were not observed in this work at the SEM analysis. A notable effect of the appearance of the re-cast layer was a significant reduction of the hardness as the newly formed layer was completely free of deep work-hardening effects, such as those generated during rolling of the material into a plate [41]. Type 316L work-hardening properties usually result in a strongly hardened surface layer after machining; thus, reduction of machined-induced hardness is a desired effect in type 316L. A work-hardening effect was the likely cause of the hardening observed in Sample LE7.5 up to a depth of 50 µm (Figure 4), as thermally-induced expansion in the surface layers resulted in plastic deformations to this depth and consequent strain hardening. It is possible to infer that the increase in hardness observed on the surface of the as-machined and laser-heated specimen would be even higher, because edge effects caused by the vicinity of the boundary between material and resin would result in measuring apparently lower values of hardness. Even taking into account the measured large increase in surface hardness, it was considered unlikely that strain-induced phase transformation processes would happen in this alloy, as its austenitic structure is stabilized by Ni, and, most importantly the 2–3% of Mo increases the stacking fault energy [42,43]. Measurable hardening effects caused by laser heating appeared not to extend below the 50 µm deep layer and are consistent with published work in the literature [44].



Machining is usually the last treatment before the component is put into service, and therefore, it is important to understand the materials’ environmental interaction and their implications on the materials’ performance and stress corrosion cracking. In fact, it is known that the surface finish plays a fundamental role [8,10,45]. After laser irradiation, many surfaces appeared to discolor, especially when higher LE values were employed with consequently higher temperature. The formation of a tarnish was a consequence of the inert gas being insufficient to completely shield the sample from oxidation. Therefore, if laser treatment is employed, it is good practice to remove such films using acid pickling/passivation treatments or mechanically, by shot peening [46], as well as to remove deleterious anionic impurities [13]. This tarnish is not expected to affect the structural integrity of the surface; however, the formation of a heat tint can be detrimental for pitting and localized corrosion. Therefore, care should be taken to avoid surface oxidation. Austenitic stainless steel can be susceptible to SCC in high temperature water [44], for example, in the primary coolant of a reactor. In this specific case, it was found that the ultrafine layer associated with machining had a beneficial effect in retarding SCC initiation, with this beneficial effect overcoming the detrimental effects associated with tensile residual stresses. On this basis, partial surface melting, which was shown to remove the ultrafine-grained layer, increase the pre-existent tensile stress, and cause the formation of a head tint, should be avoided or higher susceptibility to SCC would be expected, both in high temperature water and low temperature atmospheric conditions.



The inevitable in-homogeneities associated with the laser beam power distribution would also lead to the laser exposure of the surface material not later removed by machining (see Figure 5). Carefully designed machining passes, with minimal overlapping, should be employed to ensure that all the partially or totally laser-treated surface would be machined away in order to achieve homogeneity in the materials’ surface properties.




5. Conclusions


Laser heating of type 316L machined specimens negatively impacted their surface residual stresses. Higher tensile stresses were produced on the surface of processed specimens even at minimum line energy. The laser spot size and energy distribution need to be controlled as they strongly influence the resulting surface stress. Because the heating effect persisted until 50 µm, a minimum cutting depth should also be achieved in order to their complete removal. This must be carefully considered in LAM.



In addition to effects on residual stress, microstructural effects were observed when surface melting occurred. Specifically, a strong softening effect consequent to the melting of the pre-existent surface and the formation of a medium-grained fast-solidification structure was identified. The association of this softening effect with the work-hardened layer generated by machining resulted in a surface with variable hardness zones (up to 150 HV difference).



The line energy parameter did not appear to influence the magnitude of residual stress increases, which averaged at around 500 MPa after processing.



Non-uniform surface heating was observed even at low LE due to the hard-to-predict energy transfer caused by the variable surface roughness of the “as-machined” coupons. Given this, employing higher LE resulted in frequent, uncontrolled surface melting, which, in the presence of an insufficient inert gas shielding, ultimately led to a heavy tarnish and poor surface quality. In LAM, the nearby presence of a rapid rotating tool would increase the difficulties in maintaining a sufficient inert gas shielding. Formation of an oxidized layer could result in insufficient corrosion resistance and accelerated SCC of the finished component. Machining in an inert atmosphere would solve the oxidation problem at the price of a more complex and costly manufacturing method.



When attempting LAM in austenitic stainless steel, a significant work in optimizing the process is needed, taking into account the issues associated with shielding from the atmosphere. In order to maintain the materials’ mechanical characteristics and corrosion resistance a prudent selection of the laser and machining parameters and a determination of the correct distance between cutting tool and laser head is needed.
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Figure 1. (a) Irradiated plate; (b) Sample LE150 (plate D top); (c) Sample LE7.5 (plate C top). 
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Figure 2. (a) Maximum principal surface stress differences vs. line energy; (b) Minimum principal surface stress differences vs. line energy; result grouped according to line energy (LE). 
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Figure 3. Cross-section SEM slides of irradiated specimens: (a,b) as-machined; (c,d) sample LE7.5 showing no surface melting effects; (e,f) sample LE150 showing significant melting effects (layers indicated in the captioning). 
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Figure 4. Cross-section hardness profile for heated (Sample LE7.5), surface-melted (Sample LE150), and as-machined specimens. 
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Figure 5. Partial irradiation effects on straight-cut face-milling. 
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Table 1. 316L sample chemical composition (wt %) and mechanical properties.
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C

	
Si

	
Mn

	
Cr

	
Ni

	
Mo

	
N

	
S

	
Co

	
P

	
Fe






	
0.12

	
0.31

	
1.78

	
16.60

	
10.18

	
2

	
0.404

	
0.001

	
0.15

	
0.04

	
balance




	
σy0.2% (MPa)

	
σy1% (MPa)

	
UTSmax (MPa)

	
Hardnessmax (HB)

	
Toughness (J)

	
Br. Elongation (A5%)




	
220

	
260

	
670

	
217

	
60 (20 °C)

	
45
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Table 2. Machining data.
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	Depth of Cut ap
	0.2 mm



	Spindle speed ω
	550 RPM



	Feed rate f
	200 mm/min



	Cooling
	Low pressure flood coolant



	Cutting tool
	345-080027-13HX-M617910



	Cutting center
	Mazak Vertical Center Smart 430A
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Table 3. Laser parameters.






Table 3. Laser parameters.





	Coupon
	Laser Power (kW)
	LE (kJ/m)
	Feed (mm/s)





	Plate A top
	7–7.5
	21.02–22.50
	33.3



	Plate A bottom
	6–6.5
	18.01–19.52
	33.3



	Plate B top
	11.25–11.75
	16.85–17.62
	66.7



	Plate B bottom
	10.5–11
	15.75–16.48
	66.7



	Plate C top
	3–5
	4.5–7.5
	66.7



	Plate C bottom
	5.5–7
	8.25–10.49
	66.7



	Plate D top
	14.5–15
	145–150
	100



	Plate D bottom
	13.75–14.25
	137.5–142.5
	100
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Table 4. Pre- and post-irradiation surface residual stress.
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Pre-Irradiation Surface Residual Stress

	
Post-Irradiation Surface Residual Stress




	
Statistical Parameter

	
Value (MPa)

	
Statistical Parameter

	
Value (MPa)






	
Average max principal stress

	
387

	
Average max principal stress

	
855




	
Median max principal stress

	
400

	
Median max principal stress

	
899




	
STD max principal stress

	
152

	
STD max principal stress

	
211




	
Average min principal stress

	
154

	
Average min principal stress

	
711




	
Median min principal stress

	
174

	
Median min principal stress

	
767




	
STD min principal stress

	
192

	
STD min principal stress

	
197
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