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Nickel-based superalloys with enhanced operational properties are key mate-
rials for producing safety-critical components. Additive manufacturing of-
fers a new way to manufacture critical components, enabling the production 

of superalloy structures with complex shapes, which are unattainable by con-
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ventional manufacturing methods. The laser powder bed fusion (LPBF) pro-
cess is used for manufacturing superalloy components. Post-processing 

methods are required to improve the surface integrity, because LPBF parts 

with complex geometries suffer from various defects located both on the sur-
face and near-surface layers. Today, post-processing methods are being de-
veloped to improve surface integrity in LPBF-produced parts. In this work, 
magnetic needle finishing (MNF) is applied for surface post-processing of 

Inconel 718 superalloy manufactured via LPBF. The effects of magnetic nee-
dle finishing under optimised conditions on surface morphology, functional 
relief performance, microstructure, and hardness are investigated. The re-
sults indicate that the surface integrity of the LPBF-manufactured 718 alloy 

is improved by generating a smoothed surface microrelief with a strain-
hardened subsurface layer (the macrohardness increased from ≅ 32 HRC10 to 

≅ 39 HRC10) through the high-energy MNF post-processing. Reducing and 

levelling the amplitude parameters (the Ra parameter is decreased from 

≅ 4.0 µm to ≅ 2.0 µm) of microirregularities in the MNF-finished Inconel-
alloy samples due to the multiple-angle impact of magnetic pins resulted in a 

redistribution of surface load, which is favourable for the functional perfor-
mance of the LPBF-produced parts. A decrease in crystallite size as well as an 

increase in lattice strain and dislocation density due to the surface plastic 

deformation of the near-surface layer are confirmed. 

Key words: magnetic finishing, Inconel 718, laser powder bed fusion, post-
processing, surface integrity, functional relief performance, microstructure. 

Ніклеві суперстопи з поліпшеними експлуатаційними властивостями є 

ключовими матеріялами для виробництва критично важливих деталів, 
від яких залежить безпека. Адитивне виробництво відкриває новий спо-
сіб виготовлення відповідальних деталів, уможливлюючи одержання 

конструкцій із суперстопів складної форми, створення яких є неможли-
вим класичними методами оброблення. Для виготовлення деталів із супе-
рстопів застосовується процес лазерного пошарового стоплення порошку 

(ЛПСП). Однак вироби складної геометрії, виготовлені методою ЛПСП, 
мають різноманітні дефекти, розташовані як безпосередньо на поверхні, 
так і в приповерхневих шарах, що зумовлює необхідність застосування 

методів постоброблення для поліпшення цілісности поверхні. Сьогодні 
активно розробляються нові методи поверхневого фінішного оброблення 

деталів, виготовлених методою ЛПСП. У цій роботі для фінішного посто-
броблення поверхні суперстопу Інконель 718, виготовленого методою 

ЛПСП, було застосовано магнетне фінішне оброблення (МФО). Дослідже-
но вплив МФО за оптимізованих режимів на морфологію поверхні, функ-
ціональні характеристики рельєфу, мікроструктуру та твердість. Резуль-
тати свідчать, що цілісність поверхні виробленого за ЛПСП-технологією 

стопу 718 було поліпшено за рахунок формування згладженого мікроре-
льєфу поверхні та деформаційного зміцнення поверхневого шару (макро-
твердість збільшилася від ≅ 32 HRC10 до ≅ 39 HRC10) під дією високоенер-
гетичного МФО. Зменшення та вирівнювання амплітудних параметрів 

мікронеоднорідностей (параметер Ra зменшився від ≅ 4,0 мкм до ≅ 2,0 

мкм) у зразках стопу Інконель 718 після МФО внаслідок багатовекторно-
го ударного впливу магнетних штифтів привели до перерозподілу поверх-
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невого навантаження, що є сприятливим чинником для функціональних 

характеристик ЛПСП-деталів. Унаслідок поверхневої пластичної дефор-
мації підтверджено зменшення розміру кристалітів і збільшення дефор-
мації ґратниці та густини дислокацій у поверхневому шарі. 

Ключові слова: магнетне фінішне оброблення, Інконель 718, лазерне по-
шарове стоплення порошку, постоброблення, поверхнева цілісність, фун-
кціональні характеристики рельєфу, мікроструктура. 
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1. INTRODUCTION 

Laser powder bed fusion (LPBF) technology is one of the advanced ad-
ditive manufacturing methods for producing complexly shaped nickel-
based superalloy components [1, 2]. The metal powder layer of a certain 

thickness is selectively melted via a moving laser beam, generating a 

layered 3D object. As compared to the LPBF process [1, 3–5], an over-
blown metal powder or metal wire at the direct energy deposition pro-
cess is placed in a specific place and melted by means of a high-energy 

laser beam [6–8]. The advanced LPBF 3D printing process offers a new 

alternative way for manufacturing small-size metallic components 

with complex geometries. The LPBF technology is a very valuable ap-
proach for additive manufacturing heat-resistant alloy (Inconel) prod-
ucts [1, 3, 9–12]. 
 Surface integrity improvement in the nickel-based superalloy parts 

produced by the LPBF technique is a crucial issue in the additive manu-
facturing routes. On the one hand, the application of specific heat post-
treatments needs to eliminate microstructural anisotropy, improving 

the mechanical properties [10, 13–15]. On the other hand, surface mod-
ification treatments should be applied in combination with thermal 
post-treatments to improve the surface and structural integrity in 

nickel-based superalloys [4, 10, 14, 15–17]. Currently, various conven-
tional mechanical and chemical surface post-treatment methods are 

applied to reduce the surface roughness and enhance the mechanical 
properties of Inconel alloys. Barrel/vibratory finishing [18, 19] and 

abrasive finishing [4, 10, 20–22] have been used for the surface post-
processing of additively manufactured metal parts. The use of laser 

polishing is another non-abrasive approach for the significant im-
provement of surface roughness [23]. Laser shock peening [17, 24], cav-
itation peening [25], and ultrasonic-based surface finishing [14, 17, 
26–29] were also applied, aiming to induce nanostructuring and com-
pressive stresses. The mechanical surface post-treatment by ultrasonic 

tools is one of the most effective approaches to enhance the surface in-
tegrity and properties in the near-surface layers of 3D-produced Ni-
based alloy parts. At the same time, ultrasonic methods are limited for 
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surface finishing of complexly shaped and/or small-size geometries 

compared to abrasive finishing methods. Magnetic-assisted surface 

finishing, chemical and electrochemical surface modification (polish-
ing) are more flexible processes, which are applied for post-treatment 

of metal parts with complex geometries manufactured via LPBF. 
 Nowadays, magnetically driven surface finishing methods are con-
sidered to improve the surface integrity of the nickel-based superalloy 

components with complex geometries manufactured through LPBF 

[16, 30]. During the magnetic abrasive finishing of the LPBF compo-
nents, the material is uniformly removed from both the external and 

internal surfaces, eliminating the partially melted powder particles 

and smoothing the surface (Ra decreased from ≅ 7 µm to less than 1 µm 

[31]. Magnetic abrasive finishing combined with vibratory machining 

significantly reduced the surface roughness (Ra values from 1.21 µm to 

0.8 µm under optimal conditions) of the LPBF-fused Inconel 939 com-
ponents [32]. In work [33], magnetic abrasive finishing was applied for 

the surface post-processing of the heat-treated Inconel 718 alloy man-
ufactured by LPBF, mainly introducing high-angle grain boundaries 

and subsequently improving mechanical properties. 
 Unlike traditional magnetic abrasive finishing, magnetic needle 

finishing (MNF) uses magnetically driven ferromagnetic needles to 

induce micropeening alongside surface smoothing. In the MNF pro-
cess, the material surface undergoes moderate plastic deformation 

under the high-speed impact of magnetic needles, uniformly distrib-
uting impact dimples on the surface [30]. At the same time, attempts 

to use magnetic needle finishing improving the surface integrity of the 

nickel-based superalloy parts manufactured by LPBF are practically 

absent. This research work examines the effect of wet magnetic needle 

finishing on the functional microrelief, the surface roughness, micro-
structure and internal defects in the Inconel 718 superalloy parts 

manufactured by the LPBF additive manufacturing method. 

2. EXPERIMENTAL DETAILS 

2.1. Powder Material and LPBF Method Description 

For post-processing, Inconel 718 (IN718) alloy samples were manufac-
tured using the RENISHAW AM400 machine and a commercial nickel-
based pre-alloyed IN718 metal powder (the nominal chemical composi-
tion [wt.%] is the following: 50–55% Ni, 17–21% Cr, 4.7–5.5% Nb, 
2.8–3.3% Mo, 0.6–1.2% Ti, and 0.2–0.8% Al) with high quality. The 

powder used contained spherical powder particles in the range of 10–55 

µm. IN718 alloy parts were manufactured by LPBF using a layer thick-
ness of 60 µm. The key parameters for manufacturing IN718 alloy parts 

were a laser power of 200 W and a scanning speed of 700 mm/s, using a 
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multidirectional scanning strategy with a stripe spacing of 5 mm. 

2.2. Post-Processing Method Description 

Surface post-processing of the LPBF-manufactured IN718 alloy sam-
ples was implemented using a magnetically driven magnetic needle 

finishing (MNF) method. The MNF post-processing of the LPBF-
manufactured small-size parts was conducted under a variable magnet-
ic field using a multicomponent media, consisting of ferromagnetic 

needles and an abrasive paste enriched with surface-active substances, 
lowered into a chamber [16]. The MNF system comprised a cylindrical 
processing chamber with liquid compound, a magnetic disk drive, and 

an electric motor. The MNF process was performed for 30 min at room 

temperature. 

2.3. Experimental Methods Description 

The surface samples before and after post-processing were observed by 

a Mitutoyo Hyper Quick Vision WLI 3D optical profilometer (ISO 

25178-2:2012 and ISO 21920-2:2021 standards) and 3D Taylor Hobson 

Form Talysurf 120 contact profilometer (ISO 4287:1997 and ISO 

21920-2:2021 standards). The bearing area parameters (Spk, Sk, Svk) 
and functional volume parameters (Vmc, Vmp, Vvc, Vvv) obtained from the 

surface (0.5 mm by 0.5 mm area) were analysed. The profile roughness 

(Ra, Rp, Rv, Rt) parameters along the 0.8 mm sampling length were also 

examined in this study.  
 The microstructure and bulk/surface defects in the build and scan 

direction cross-sections of the LPBF-manufactured and MNF-
processed samples were observed by the Leica MEF4A and Polyvar 2 

light optical microscopes (LOM), and the high-resolution TESCAN Mi-
ra 3 LMU scanning electron microscope (SEM). 
 X-ray diffraction (XRD) analysis was performed using a Rigaku 

Ultima IV diffractometer. The quantitative analysis of residual inter-
nal defects was statistically carried out using the cross-sectional opti-
cal (unetched) micrographs obtained from the build direction by means 

of the Image-Pro Plus software through grayscale threshold segmenta-
tion. Macrohardness measurements were performed on the unpolished 

outer surfaces using a DIA-TESTOR 2Rc Rockwell hardness tester un-
der an indenter load of 10 kgf. 

3. RESULTS AND DISCUSSION 

The surface topography, functional microrelief parameters, and 

roughness alterations are studied in the first part of this study (Figs. 
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1–3), while the structural–phase state and strain-hardened effect are 

observed in the second part of this work (Figs. 4–6), clarifying the sur-
face integrity in the IN718 alloy specimens manufactured by LPBF and 

subsequently post-processed by MNF. 

3.1. Surface Microrelief and Morphology 

The surface microreliefs/morphologies (Fig. 1), functional bearing 

capacity (Fig. 2) and material volume parameters of the laser powder 

bed fused and magnetic needle finished alloy IN718 samples were ex-
amined across two representative sample regions (Area 1 and Area 2) 
and compared. The MNF process resulted in the removal of partially 

adhered spherical powder particles due to surface plastic deformation 

with multiangle collisions of needles, smoothing (↓ Sa parameter) and 

flattening (↓↓ Sp parameter) the surface. The MNF finishing slightly 

 

Fig. 1. Surface morphology and height distribution (Ssk and Sku) parameters of 

the LPBF-manufactured (a) and MNF-finished (b) alloy IN718 samples across 

Area 1 and Area 2. 
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reduced the arithmetical mean height (Sa = 1.95 µm, 15%-reduction 

compared to the LPBF sample) parameter, while the maximum peak 

height (Sp) parameter significantly decreased (from 20–25 µm to 10–
15 µm). The maximum valley height (Sv) values in the as-LPBF and 

post-MNF samples are at the same level, confirming a negligible effect 

of the high-speed needle impacts on the valley surface. 
 As illustrated in the topographic images (Fig. 1) of the measured 

area (500 µm×500 µm), the boundaries of laser tracks were smoothed 

but not completely removed/erased from the surface because the nick-
el-based surface samples were subjected to moderate MT conditions. 

 

Fig. 2. Load-bearing (Sk, Spk, and Svk) parameters derived from Abbott–
Firestone curves for the LPBF-manufactured (a) and MNF-finished (b) alloy 

IN718 samples across Area 1 and Area 2. 

 

Fig. 3. Surface roughness of the LPBF-manufactured and MNF-finished sup-
eralloy IN718 samples. 
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Thus, a flattened and wavy surface microrelief with a uniformly dis-
tributed dimpled texture (Fig. 1, b) due to the individual needle im-
pacts and traces of laser tracks is formed after magnetically driven 

surface post-processing. 
 Comparative 2D surface morphologies and height distribution (Ssk 

and Sku) parameters that reflect the degree of roughness profile shift, 
evaluated in the LPBF additive manufacturing conditions (Fig. 1, left) 
and MNF post-processing conditions (Fig. 1, right), demonstrate that 

the skewness values are a pronounced positive asymmetry (Ssk > 0: +2.77 

in Area 1 and +1.09 in Area 2) across both areas in the as-LPBF condi-
tions due to the presence of adhered powder particles and sharp peaks. 
 Conversely, application of magnetic post-processing using numer-
ous and repetitive pin impacts resulted in negative near-Gaussian 

skewness values across both areas (Ssk < 0: −0.39 in Area 1 and −0.53 in 

 

Fig. 4. Macrostructure and microstructure of the LPBF-manufactured (a) and 

MNF-finished (b) alloy IN718 samples in the build (a–c) and scan (d–f) direc-
tions. 
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Area 2), which is a relief with a predominance of valleys over peak. The 

kurtosis (Sku) values that represent the degree of the roughness profile 

sharpness decreased from 14.16 / 7.43 to 3.58 / 4.10 after the MNF 

treatment, indicating the elimination of high peaks and the formation 

of a uniformly smoothed surface texture. 

3.2. Functional Microrelief Performance 

The functional bearing ratio values and volume parameters with the 

minimised Spk/Vmp, expanded core Sk/Vmc, and moderate Svk/Vvv altera-
tions demonstrate that the generated surface in the MNF-treated sam-
ples possesses the ability to suppress the initial wear during running-
in (↓↓ Spk) and increase the load-bearing capacity due to an increase in 

the area of actual contact (↑ Sk) (Fig. 2). 

 

Fig. 5. Microstructure observation by SEM and LOM in the LPBF-
manufactured (a–c) and MNF-finished (d–e) alloy IN718 samples in the build 

and scan directions. 
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 In addition, the depth of the valleys does not decrease, but rather 

increases slightly or remains stable (2.35 µm to 3.49 µm in Area 1 and 

3.69 µm to 3.99 µm in Area 2), confirming that the MNF process de-
forms the surface locally. The metal pins with multiple microimpacts 

rotated at high-speed remove high peaks selectively without filling or 

destroying the intertrack valleys that can create the condition of the 

microreservoirs to retain lubricant (Vvv from 0.0025 mm3/mm2
 to 

0.0036 mm3/mm2
 in Area 1). 

 The surface profile roughness (Ra, Rp, Rv, and Rt) parameters (Fig. 

3), estimated from their profiles along the 0.8 mm sampling length, 
indicate that the magnetically driven surface finishing treatment re-
sulted in a reduction in the surface roughness, correlating well with 

the area surface roughness. The surface roughness (Ra) parameter was 

reduced from ≅ 3.7 µm to ≅ 2.10 µm after the surface MT post-
processing, confirming a significant effect on surface quality im-
provement. It can be seen that a dramatic reduction in peak height (Rp) 

was achieved, dropping by over 50% (from ≅ 14.5 µm to ≅ 6.5 µm), indi-
cating effective removal of high-peak microasperities in the IN718 

alloy through the MT finishing process. 
 Reducing and levelling the amplitude parameters of micro-
irregularities in the MNF-finished Inconel alloy samples due to the 

high-speed impact of magnetic pins with various collisions leads to a 

redistribution of surface load, which is favourable for the functional 
performance of the LPBF-produced parts in extreme conditions. The 

high-speed needle impacts on the surface ensure micropeening and 

plastic flattening, rather than just removal of the partially melt-
ed/adhered powder particles from the surface. Thus, surface post-
processing using the magnetic needle finishing transforms the original 

 

Fig. 6. XRD phase patterns for the LPBF-manufactured and MNF-finished 

alloy IN718 samples. 
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rough and wavy-shaped surface into a smoothed and flattened surface 

microrelief with a uniformly distributed dimpled texture, resulting in 

improved surface integrity of Inconel 718 alloy prepared via LPBF. 

3.3. Microstructure 

To examine the near-surface structure, phase composition, and inter-
nal/surface defects in as-LPBF IN718 alloy before and after the MT 

finishing, light optical microscopy, scanning electron microscopy, and 

x-ray diffraction methods were applied in this study. The macrostruc-
ture and microstructure of the LPBF-manufactured and MNF-finished 

alloy IN718 samples in the build (Fig. 4, a–c) and scan (Fig. 4, d–f) di-
rections are presented in Fig. 4 and Fig. 5. 
 Micrographs of the microstructure of the LPBF-manufactured and 

surface post-processed IN718 alloy specimens obtained using LOM 

(Figs. 4 and 5) and SEM (Fig. 5) with high-magnification along build 

and scan directions demonstrated that the dendritic structure, con-
taining γ [Ni−Cr−Fe] solid solution matrix with a face-centred cubic 

(f.c.c.) lattice, mainly consists of elongated colonies of cells in the 

build direction (Fig. 4, a–c, Fig. 5, a, Fig. 5, b), oriented parallel to the 

primary thermal gradient during solidification, while the equiaxed 

cellular colonies of finely dispersed cells are observed in the scan direc-
tion (Fig. 4, d–e, Fig. 5, c–f). 
 The microsegregation of some alloying elements, such as niobium 

(Nb), molybdenum (Mo), and carbon (C) corresponds to interdendritic 

Laves phase and carbides (MC) (Fig. 5, e), which are uniformly distrib-
uted within the intercellular regions [2, 22, 34, 35]. The LPBF-built 

IN718 alloy specimens with a dendritic structure were characterised 

by increased macrohardness (≅ 32 HRC10). Finishing by MNF increased 

the surface macrohardness by ≅ 20% (≅ 39 HRC10) owing to numerous 

and repetitive pin impacts, which promote near-surface plastic defor-
mation resulting from micropeening and sliding. 
 Notably, based on the SEM micrographs (Fig. 5, f), the dendritic 

cells were revealed to be precisely located at the subsurface edge of the 

MNF-processed samples, confirming the lack of interfacial delamina-
tion, severe plastic folding or microcracking during the removal of 

irregularities/peaks on the LPBF-formed surface. This confirms that 

the numerous dynamic impacts of the metallic needles under the action 

of an alternating magnetic field promote a controlled removal of metal 
with the MNF process, in which localised work hardening is generated. 
Additionally, as seen in Fig. 5, a (as-LPBF) and Fig. 5, b (post-MNF), 
compared to the as-built IN718 alloy specimen [31], partially melted 

powder particles and/or adhered spherical/ellipsoidal balls were re-
moved/reduced from the surface by the MNF finishing. 
 As noted above, the microstructure comprises the dendritic struc-
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ture regardless of the studied condition (as-LPBF and post-MNF), con-
taining γ [Ni−Cr−Fe] solid solution matrix with a face-centred cubic 

(f.c.c.) lattice, γ' [Ni3(Al, Ti)], Laves phases [(Ni, Fe, Cr)2(Nb, Mo, Ti)], 

and MC carbides [(Ti, Nb)C], which are identified in the initial as-
LPBF condition (Fig. 6). Primary strengthening elements (such as Nb) 
remain largely segregated within interdendritic Laves phases and MC 

carbides and/or trapped in the solid solution matrix due to the ex-
tremely high cooling rates in the LPBF process. 
 The observed XRD patterns show a clear shift of the γ/γ' diffraction 

peaks toward smaller 2θ-angles after the MNF post-processing (Fig. 6), 
which is in strong agreement with previously published studies on sur-
face mechanical treatment via severe plastic deformation of the Inconel 
718 manufactured via LPBF [19, 36]. The (220) peak shift (Fig. 6) cor-
responds to lattice expansion along the normal surface, confirming the 

induction of beneficial residual compressive macrostresses (≅ 1 GPa) in 

the subsurface layer instead of the manufacturing induced tensile 

stresses. Additionally, the moderate broadening of the γ/γ' diffraction 

(220) peaks aligns with the reduction in crystallite size and the increase 

in lattice strain (0.32%), providing clear evidence of notable near-
surface plastic deformation and dislocation accumulation (2.41⋅10−14

 

m−2) in the parts subjected to the magnetic needle finishing process. 
 Thus, magnetic needle finishing is an effective method for surface 

post-processing of IN718 alloy parts manufactured via the LPBF tech-
nique. In Refs. [37, 38], it was shown that MNF treatment under a spa-
tial composite magnetic field can significantly extend the processing 

range, increase the effective processing area height by 200%, and im-
prove the uniformity of the workpiece surface morphology. The high-
quality MNF finishing is attributed to microcutting material removal, 

surface smoothing through sliding, and surface hardening via mi-
cropeening. Compared to barrel finishing [39–41], which is used for 

the surface post-processing of complexly shaped metal components, 
magnetic needle finishing is a flexible post-processing method for the 

LPBF-manufactured small-scale components. 

4. CONCLUSION 

The current study demonstrated that the high-quality magnetic needle 

finishing (MNF process applied for surface post-processing of Inconel 
718 alloy parts improved surface quality and microstructural charac-
teristics. The surface integrity of the LPBF-manufactured nickel-
based superalloy was improved by generating a smoothed surface mi-
crorelief with a strain-hardened subsurface layer, creating a synergis-
tic effect of hardening and finishing simultaneously. 
 The results indicate that the magnetic needle finishing (MNF) flat-
tened surface irregularities (Rp parameter decreased from ≅ 14.5 µm to 
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≅ 6.5 µm) and improved surface finish consistency, eliminating par-
tially melted and adhered powder particles from the surface due to the 

high-speed impact of magnetic pins with different surface collisions, 
which promotes near-surface plastic deformation and surface smooth-
ing (Ra decreased from ≅ 4.0 µm to ≅ 2.0 µm). 
 The functional parameters show that the formed surface reliefs in 

the MNF-treated samples possess the ability to suppress the initial 
wear during running-in (↓↓ Spk) and increase the load-bearing capacity 

due to an increase in the area of actual contact (↑ Sk). 
 The observed surface hardening (increased HRC value from ≅ 32 

HRC10 to ≅ 39 HRC10) and high lattice microstrain measured by XRD is 

attributed to the increased dislocation density and grain refinement 

within the fine dendritic structure of the MNF-processed near-surface 

layer of the IN718 alloy specimens. In addition, the XRD data con-
firmed formation of residual compressive macrostresses after applying 

the MT finishing. 
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